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Abstract Gene editing and gene therapy have been the forefront technologies in life sciences that have received increasing attention
in recent years. They provide new avenues and methods for the treatment of human diseases and biological research. This review
systematically elucidates the concepts and historical developments of gene editing and gene therapy. It introduces the definition,
classification, technical principles, and application areas of gene editing, and reviews the origin, development, and commercialization
of gene editing technologies. The definition, classification, technical principles, and application areas of gene therapy are analyzed,
and the origin, development, and clinical application status of gene therapy technologies are discussed. Furthermore, the significance,
prospects, challenges, and future directions of gene editing and gene therapy are explored. This review provides references and
insights for a comprehensive understanding of gene editing and gene therapy, and scientific basis for advancing the application and
development of gene editing and gene therapy in the field of biomedical research.
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With the continuous development of life science and technology, gene editing and gene therapy as two advanced
technologies are gradually becoming the focus of attention. Gene editing and gene therapy are two emerging life
science technologies that can be used to decipher the code of the human genome and alter the destiny of human
health and disease. In recent years, with the ongoing development and improvement of gene editing and gene
therapy technologies, their applications and research in the field of biomedicine have become increasingly
extensive and in-depth.

Gene editing technology is a technique that enables precise editing and regulation of the genome, and it has
become a hot research area in the fields of life science and medicine. Gene editing technology can be applied to
the treatment and prevention of various diseases, such as monogenetic disorders, cancer, and immune deficiencies.
It can also be applied in precision medicine, agriculture, and biotechnology. Its development will bring more
opportunities and challenges to gene function research, disease treatment, and biotechnology. The research on
gene editing technology began in the 1980s, and the earliest gene editing technique was achieved using zinc finger
nucleases (ZFNs) to edit and regulate the genome. With further research, more efficient, precise, and user-friendly
gene editing technologies such as TALENs and CRISPR/Cas9 have emerged. These technologies have expanded
the application of gene editing and provided researchers with more tools and means.

Gene therapy is an emerging therapeutic approach that involves the introduction of normal genes into the body to
repair or replace defective genes, thereby achieving the goal of treating diseases. Gene therapy can be applied to
the treatment and prevention of various diseases, such as monogenetic disorders, cancer, and immune deficiencies.
Compared to traditional drug therapy and surgical treatment, gene therapy has the characteristics of being more
precise, personalized, and long-lasting. Currently, gene therapy has been proven to play an important role in the
treatment of some diseases. For example, gene therapy has been successfully used to treat severe immune
deficiencies, cystic fibrosis, and holds promise in the fields of cancer, cardiovascular diseases, and neurological
disorders.
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Both gene editing and gene therapy have been widely applied in biological research and have brought new ideas
and hopes for the treatment of human diseases. This review aims to provide a comprehensive overview of the
concepts and historical developments of gene editing and gene therapy. It introduces the definitions,
classifications, technical principles, application areas, historical developments, and future prospects of these two
technologies, as well as discusses the ethical and legal issues they face. Through the exposition in this review,
readers are expected to gain a deep understanding of the principles, features, and applications of gene editing and
gene therapy, as well as grasp the historical development and current status, providing valuable references and
insights for their application and development in the field of biomedicine.

1 Concept and Principles of Gene Editing

1.1 Definition and classification of gene editing

Gene editing refers to the modification and editing of DNA sequences in cells or organisms through specific
technical approaches, thereby generating specific gene expression patterns and products (Lu et al., 2018). The
development of gene editing technology has advanced the study of gene function and gene regulatory mechanisms,
while also providing new ideas and methods for disease treatment and agricultural production.

Gene editing technologies can be classified into CRISPR/Cas9, TALEN, ZFN, and RNA-based editing
technologies, based on different editing methods. The above-mentioned gene editing technologies enable precise
regulation and alteration of the genome, and find applications in gene function research, disease model
construction, gene therapy, and more. With the continuous development and improvement of gene editing
technologies, their applications and research in the biomedical field are becoming increasingly widespread and
in-depth.

1.2 Gene editing principles and common methods

The principle of gene editing technology involves cutting, modifying, inserting, or deleting DNA molecules
within cells or organisms to achieve precise regulation and alteration of the genome. Common methods of gene
editing technology include CRISPR/Cas9, TALEN, ZFN, etc.

CRISPR/Cas9 technology is an emerging gene editing technique (Figure 1), based on the CRISPR/Cas system
derived from a bacterial immune system. It involves the introduction of Cas9 protein and corresponding guide
RNA (gRNA) to specific gene loci for DNA double-strand cleavage and repair, thereby enabling gene
modification, insertion, deletion, etc. (Yang et al., 2019). The main steps of CRISPR/Cas9 technology include
designing and synthesizing gRNA, introducing Cas9 protein and gRNA into cells, targeting specific gene loci for
DNA double-strand cleavage, and repairing DNA breaks, thus achieving precise regulation and alteration of the
genome.

TALEN technology is an artificial restriction enzyme technology based on transcription activator-like effectors
(TALEs). TALEN technology involves designing and synthesizing TALEN proteins that target specific gene loci
for DNA double-strand cleavage and repair (Song et al., 2021). The main steps of TALEN technology include
designing and synthesizing TALEN proteins, introducing TALEN proteins into cells, targeting specific gene loci
for DNA double-strand cleavage, and repairing DNA breaks, thereby achieving precise regulation and alteration of
the genome.

ZFN technology is an artificial restriction enzyme technology based on zinc finger proteins. It involves designing
and synthesizing specific ZFN proteins that target particular gene loci for DNA double-strand cleavage and repair.
The main steps of ZFN technology include designing and synthesizing ZFN proteins, introducing ZFN proteins
into cells, targeting specific gene loci for DNA double-strand cleavage, and repairing DNA breaks to achieve
precise regulation and alteration of the genome.

In addition, RNA-based editing technologies are also common gene editing methods, including RNA editing and
RNA interference. These techniques involve editing or interfering with RNA sequences to achieve gene regulation
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and therapy. In summary, gene editing technologies enable precise regulation and alteration of the genome by
cutting, modifying, inserting, or deleting DNA molecules within cells or organisms. With the continuous
development and improvement of these technologies, the applications and research of gene editing are becoming
increasingly widespread and in-depth.
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Figure 1 Working principle of CRISPR/Cas9 technology

1.3 Applications of gene editing in medical research

Gene editing technology can be used in various aspects of medical research, including gene function studies,
disease modeling, and gene therapy. Here are some applications of gene editing in medical research. Firstly,
disease modeling: Gene editing techniques can be utilized to create disease models to investigate disease
mechanisms and treatment strategies. For instance, scientists have employed CRISPR/Cas9 technology to
generate models of human genetic diseases such as cystic fibrosis and amyotrophic lateral sclerosis in mice and
monkeys. Secondly, gene function studies: Gene editing technology can be employed to study gene functions and
regulatory mechanisms. Scientists can study the roles of specific genes in cell growth, differentiation, and function
by deleting or modifying them. Gene editing technology can also be applied in gene therapy, where it is used to
treat certain genetic diseases, such as cystic fibrosis and hereditary blindness (Niu et al., 2019). Scientists can
repair or replace defective genes using gene editing techniques, restoring normal cellular functions. This approach
is known as gene therapy. Gene editing technology can be used in the treatment of certain types of tumors as well.
For example, scientists can enhance the immune cells' ability to attack tumors using gene editing techniques,
leading to the therapeutic effect in tumor treatment.

In summary, gene editing technology has extensive applications in medical research, enabling scientists to better
understand the mechanisms of disease occurrence and development. It also provides new insights and methods for
disease treatment and prevention. With the continuous development and improvement of the technology, the
application and research of gene editing will continue to deepen and expand.

2 Historical Development of Gene Editing

2.1 Origins and development of gene editing technology

The origin of gene editing technology can be traced back to the 1970s when scientists invented a genetic scissor
that could cut DNA molecules. This genetic scissor is known as a restriction enzyme, capable of cleaving DNA
into specific fragments, enabling the construction of gene libraries and the study of gene function and structure.
With technological advancements, gene editing techniques have gradually been improved and refined. In the
1990s, scientists developed a novel gene editing technology called transgenic technology, which allows the
introduction of foreign genes into cells or organisms, thereby altering their gene expression patterns and products.
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However, transgenic technology has many challenges, such as low efficiency and difficulty in precise control. To
address these issues, scientists began exploring the use of artificial nucleases for gene editing in the late 20th
century. These artificial nucleases can be designed and synthesized to possess precise DNA recognition and
cleavage capabilities. In the early 21st century, scientists successfully achieved gene editing using artificial
nucleases like zinc finger proteins and transcription activator-like effector nucleases (TALENs). However, these
techniques still had limitations, such as low efficiency and difficulties in design and synthesis (Li et al., 2022). It
was not until 2012 when scientists invented a new gene editing technology known as CRISPR/Cas9.
CRISPR/Cas9 technology offers advantages such as high efficiency, precision, and ease of use, and has become
one of the most commonly used gene editing techniques today.

In summary, after years of development and improvement, gene editing technology has become a crucial tool for
studying gene functions and regulatory mechanisms, as well as for the development of gene therapy and
bioproducts. With the continuous advancement of technology, we believe that the application and research of gene
editing will continue to deepen and expand.

2.2 Breakthroughs and Advances in Gene Editing Technology

After years of development and improvement, gene editing technology has achieved a series of breakthroughs and
advancements in various fields, including scientific research and medical applications. The progress in the
invention and application of CRISPR/Cas9 technology (Figure 1) stands out. CRISPR/Cas9 is an efficient, precise,
and easy-to-use gene editing technology that enables precise regulation and alteration of the genome. Its invention
and application are considered a major breakthrough in gene editing technology and have been widely used in
gene function research, disease model construction, gene therapy, and more.

In the field of gene therapy, gene editing technology has provided new ideas and methods. In recent years, gene
editing technology has achieved some success in the treatment of genetic diseases such as cystic fibrosis, genetic
blindness, and more. Additionally, gene editing technology is also being researched in the field of cancer therapy,
offering new hope for treating certain refractory diseases.Genome editing breakthroughs have been made as well.
In recent years, scientists have utilized gene editing technology to manipulate the human genome, exploring its
functions and regulatory mechanisms. For instance, in 2015, researchers successfully edited the human embryo
genome using CRISPR/Cas9 technology, opening up new avenues and methods for human genome editing
research.In terms of improving gene editing technology, besides CRISPR/Cas9, many other gene editing
technologies are continuously being developed and refined. Scientists are researching to enhance the efficiency
and precision of techniques such as TALENs and ZFNs.

3 Concepts and Principles of Gene Therapy

3.1 Definition and classification of gene therapy

Gene therapy is a method that utilizes genetic engineering techniques to treat diseases. It aims to correct or
prevent specific diseases by modifying the patient's genes. Gene therapy involves introducing healthy genes into
the patient's body to repair or replace abnormal genes or regulate gene activity. Gene therapy can be classified into
several main categories: gene replacement therapy, gene editing therapy, gene addition therapy, RNA interference
therapy, and immune gene therapy. These classifications represent some common methods of gene therapy, but in
practice, a combination of various techniques and approaches may be used to achieve therapeutic goals. Currently,
gene therapy is still in the research and development stage, but it holds tremendous potential and may provide new
hope for the treatment of many rare and genetic diseases.

3.2 Technical principles and common methods of gene therapy

The technical principle of gene therapy is to introduce a normal gene sequence into the patient's cells or tissues to
replace defective genes or alter gene expression patterns, thereby achieving therapeutic effects. Common methods
of gene therapy include gene replacement therapy, gene editing therapy, gene addition therapy, and RNA
interference therapy.Gene replacement therapy involves introducing a normal gene sequence into the patient's
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cells or tissues to replace defective genes. This method usually utilizes vectors to deliver the normal gene into the
patient's body. Common vectors include viruses and plasmids.Gene editing therapy aims to treat diseases by
directly editing the genes within the patient's body. Common gene editing techniques include CRISPR/Cas9,
TALENS, and ZFNs. These technologies enable the specific editing of the patient's target gene sequence to correct
defective genes or alter gene expression patterns.Gene addition therapy involves adding new genes into the
patient's cells or tissues to treat diseases. This method typically uses vectors to introduce the new gene into the
patient's body, enabling its expression within the cells. Gene addition therapy is commonly used in cancer
treatment, such as CAR-T cell therapy.RNA interference therapy (Shi and Jin, 2008) suppresses or targets specific
genes by introducing RNA interference molecules to treat diseases. RNA interference molecules can be delivered
into the patient's body through vectors such as plasmids or viruses to inhibit or reduce the expression of specific
genes.

3.3 Applications of gene therapy in clinical medicine

Gene therapy holds the potential to treat diseases by modifying or repairing genes within the patient's body.
Currently, gene therapy has found application in several fields of clinical medicine, including the treatment of
genetic diseases, cancer, immune system disorders, and cardiovascular diseases. Gene therapy has been used to
treat certain genetic diseases, such as cystic fibrosis and inherited blindness (Li and Chen, 2020). For example, in
2019, a gene therapy drug was approved by the European Union for the treatment of a rare genetic disease known
as fatty acid acyl-CoA dehydrogenase (LCAD) deficiency. Gene therapy has also been employed in the treatment
of certain types of cancer. For instance, some gene therapy drugs have been approved for the treatment of specific
cancers, such as CAR-T cell therapy (Figure 2). Additionally, gene therapy can enhance the efficacy and reduce
side effects by targeting cancer-specific genes. Furthermore, gene therapy has been used in the treatment of
immune system disorders, such as rheumatoid arthritis and inflammatory bowel disease. For instance, some gene
therapy drugs have been approved for the treatment of rheumatoid arthritis.Gene therapy has also been utilized in
the treatment of certain cardiovascular diseases, including heart failure and coronary heart disease. For example,
some gene therapy drugs have been used in the treatment of heart failure (Deng, 2005).

CAR-T Cell Therapy
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Figure 2 CAR-T cell therapy

4 History and Development of Gene Therapy

4.1 Origins and development of gene therapy technology

The origins of gene therapy technology can be traced back to the 1960s when scientists first attempted to use
DNA molecules for the treatment of genetic diseases. The earliest gene therapy experiments were conducted in the
1970s, when scientists attempted to deliver normal genes into human cells using viruses in cell culture, and then
transplanting these cells into patients. However, these experiments did not yield significant therapeutic effects, and
safety concerns arose, leading to a temporary halt in the development of gene therapy.

It was not until the 1990s that gene therapy technology regained momentum with the rapid development of
genetic engineering and biotechnology. In the early 1990s, scientists discovered that viruses could be used as
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vectors (also known as "gene delivery systems") to introduce normal genes into patient cells, thereby repairing or
replacing defective genes (Mao, 2010). Subsequently, some gene therapy trials began to be conducted in clinical
settings and achieved some initial successes. With continuous technological advancements, gene therapy has been
extensively researched and applied. Currently, it has been used to treat some rare genetic diseases, cancers, and
other diseases, and it continues to evolve and improve.

4.2 Breakthroughs and advances in gene therapy technology

In recent years, gene therapy technology has achieved significant breakthroughs and advances, including the
development of gene editing technologies, improvement of gene delivery systems, the approval of gene therapy
drugs, and the expanding clinical applications of gene therapy. CRISPR-Cas9 is a gene editing technology that
enables precise editing of gene sequences. Its invention and development have made it easier for scientists to
manipulate genes for the treatment of various diseases. Additionally, other gene editing technologies such as
TALEN and ZFN have also emerged. Gene delivery systems are vehicles used to introduce therapeutic genes into
the patient's body. Many new gene delivery systems have been developed, including liposomes, polymers, and
metal-organic frameworks, which improve the efficiency and safety of gene delivery. Several gene therapy drugs
have already been approved, such as Luxturna by Spark Therapeutics for the treatment of a rare inherited eye
disease, as well as Kymriah by Novartis and Yescarta by Gilead Sciences for certain types of cancer. Currently,
gene therapy is being used to treat some genetic diseases, cancers, immune system disorders, and cardiovascular
diseases, with its clinical applications continuously expanding. Moreover, there are ongoing research studies on
new gene therapy approaches, such as gene editing and CAR-T cell therapy.

In summary, gene therapy technology has made significant advancements in both technical development and
clinical applications. With continuous improvement, gene therapy holds the promise of becoming one of the
crucial strategies for treating various diseases in the future.

5 Conclusion and Outlook

Gene editing and gene therapy are two distinct yet related technologies that can be used for treating various
diseases. Gene editing technology enables precise modification of gene sequences to repair or correct defective
genes, while gene therapy involves the introduction of normal genes to repair or replace defective ones. Both
these technologies have broad applications and hold great potential for treating a wide range of genetic diseases,
cancers, immune system disorders, cardiovascular diseases, and so on.

With the continuous advancement of technology and the expanding applications, the clinical prospects of gene
editing and gene therapy are becoming increasingly promising. Currently, there are already approved gene therapy
drugs on the market for treating certain diseases, such as Luxturna, Kymriah, and Yescarta. Additionally, there are
ongoing research studies on new gene therapy approaches, such as gene editing and CAR-T cell therapy. The
continuous development and improvement of these technologies will greatly facilitate the application and
advancement of gene therapy.

While gene editing and gene therapy technologies have made some progress in clinical applications, further
research and improvement are still needed to enhance their safety and stability. In terms of gene editing, there is a
need for continued research to address issues related to precision and safety, ensuring stability and safety in
clinical applications. In the domain of gene therapy, further research is required to address challenges associated
with gene delivery systems to improve the efficiency and safety of gene delivery.

In addition, the application of gene therapy technology also faces many ethical and societal issues (Yang et al.,
2013). For example, questions arise regarding how to protect patients' right to privacy and right to know, as well
as ensuring fairness and accessibility in gene therapy. Therefore, while promoting the advancement of gene
therapy technology, it is crucial to strengthen research and address ethical and societal concerns to ensure fairness
and sustainability in its clinical applications.
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In summary, gene editing and gene therapy technologies are important directions for future developments in the
field of medicine. While there are still various technical and ethical issues that need to be addressed, with the
continuous improvement of technology and the expansion of applications, gene therapy holds the potential to
become a significant strategy for treating various diseases.
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