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Abstract. Clinical medicine and biological sciences make extensive use of the gene editing 

method symbolized by CRISPR-Cas9. With the rapid development of molecular biology 

technology in recent years, the CRISPR-Cas system—which stands for clustered regularly 

interspaced short palindromic repeats—has become a potent tool for gene editing. Due to its high 

efficiency, precision, and flexibility, it has surpassed last two generations in its application within 

the field of molecular biology. This article provides a detailed overview of the development 

history, working mechanism, and applications of this technology. The CRISPR-Cas system 

achieves specific site modifications by introducing insertions, deletions, or single base 

substitutions at particular genomic sites. It has made significant contributions to research and 

treatment in areas such as the therapies of tumors and genetic diseases. However, challenges 

such as off-target effects need to be addressed before its practical clinical utility can be rigorously 

validated through further research and clinical trials. 

Keywords: CRISPR/Cas System, gene editing technology, off-target effect, cancer, genetic 

disease. 

1.  Introduction 

In 1987, upon identifying the alkaline phosphatase isozyme gene within the bacteria, the researchers of 

Osaka University occasionally discovered that certain identical sequences were flanked by an apparently 

disorganized sequence, which consisted of five homologous repeats, each comprising 24 nucleotides.[1] 

In 1993 Francisco Monica found this repeating structure in over 40% of bacteria and 90% of archaea, 

and initially named it Short Regularly Spaced Repeats (SRSRs) [2]. Later, they renamed it CRISPR. In 

2002, Ruud’s team discovered homologous genes located near the CRISPR sequences, which they 

named the CRISPR-associated genes [3]. The proteins encoded by these genes were referred to as Cas9 

proteins. From that point onward, CRISPR and Cas became closely linked. 

Then in 2005, researchers discovered that these spacer sequences matched the DNA of viruses that 

had infected the bacteria, which revealing the relationship between CRSIPR sequences and the bacterial 

defense against viral infection [4]. In 2007, Horvath’s research group proposed that CRISPR and cas 

genes together provided Streptococcus thermophilus with resistance against bacteriophages. Meanwhile, 

this specificity depended on the spacer sequences within the CRISPR array, marking the first experiment 

demonstration of CRISPR’s immunological function in bacteria [5]. Subsequent research confirmed that 

the Protospacer Adjacent Motif (PAM) plays a crucial rule to recognize and function properly [6]. To 

further study the immune system, Charpentierm, during her research on Streprococcus pyogenes, 
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discovered the molecule tracrRNA [7]. This system enables bacteria to cut viral DNA and resist viral 

invasion.  

In 2011, Siksnys and his colleagues were the first to demonstrate that the Type II CRISPR system 

could be transferred from Streptococcus thermophilus to Escherichia coli [8]. Following this, in 2012 

Charpentier/Doudna and Siksnys confirmed that CRISPR-Cas9 system could perform as an in vitro 

genome editing technique [9] [10]. Cas9 was effectively exploited by Feng Zhang and George Church 

in 2013[11] to modify the genomes of mammalian cells. Numerous more Cas proteins, such as Cas12, 

Cas13, and Cas14, have been identified as CRISPR technology develops. For their work on CRISPR-

Cas9 genome editing, Jennifer Doudna and Emmanuelle Charpentier were awarded the 2020 Nobel 

Prize in Chemistry. 

2.  The Development of Gene Editing 

There were two approaches to cleave site-specific double-strand DNA before CRISPR-Cas9 was 

developed: ZFNs [12] and TALENs [13].  

2.1.  ZFNs 

The ZFNs technology was the first generation of gene editing. These are modular enzymes made up of 

the DNA-cleavage domain and the zinc-finger protein (ZFP) domain [14]. ZFP is the most prevalent 

class of DNA-recognition proteins in eukaryotic species, and creating new DNA sequence-specific 

binding proteins requires first elucidating ZFP's DNA-binding domain. Zinc ions fix around thirty amino 

acids in a conserved ββα conformation within each ZFP. With differing degrees of selectivity, several 

amino acids on the surface of an a-helix. The DNA binding domain in ZFP generally contains three 

independent Zinc finger (ZF) repeats, each of which can recognize three consecutive bases, so a zinc 

finger DNA binding domain can identify a specific 9bp sequence (ZFN dimer, which contains six zinc 

fingers can recognize specific sequences of 18bp length).  At the carboxyl terminal of nonspecific 

endonucrenase FokⅠ the ZFN cleavage domain, which consists of 96 amino acid residues, is linked to 

the binding domain's C-terminal [15].  Each FokⅠmonomer can be linked to a ZFP, thus forming a 

specific site for ZFN recognition; when the two recognition sites are separated by 6 ~ 8 bp, two Fok I 

can be polymerized into dimer, which can perform enzyme digestion and lead to double strand break, 

and then gene editing is performed.[16][17] 

However, the Capability to target all potential genomic loci is limited by the accessibility of ZFPs. 

Since each ZFP recognize and bind to a specific 3-base pair(bp) sequence, 64 DNA triplet permutations 

exist. Presently, not all of the triplets’ permutations have corresponding ZFPs. Therefore, ZFNs have 

relatively high off-target effects and may eventually lead to DNA mismatch and sequence change, 

resulting in strong cytotoxicity. When these adverse effects accumulate too much and exceed the range 

of cell repair mechanisms, cell apoptosis will be caused. In addition, due to the complexity of protein 

synthesis techniques, the generation of new ZFPs is relatively slow and expensive and it is necessary to 

ensure the proper sequence and folding of each ZFP.[14] 

2.2.  TALENs 

After ZFNs, TALENs is another focused editing method that is more effective and has less off-target 

effect [18]. Plant pathogenic Xanthomonas bacteria produce TALEs protein. They attach to the desired 

promoters in the plant cell, and produce genes. Each TALEs has 34 amino acids that each recognizes a 

single bp and two Repeat variable diresidue (RVD) at position 12 and 13.  TALE is able to identify 

specific targets through RVD due to its function of recognition specificity [19]. FokⅠnuclease catalytic 

domains combine with TALE repeat sequences to form the TALEN protein, which can recognize and 

cleave specific DNA sites. When a pair of TALEN proteins recognize the target sequences on opposite 

strands, the catalytic domains of the FokⅠ nuclease form a dimer, enabling the cleavage of the DNA 

sequence between the recognition sites (typically 12 to 20 bp apart) and breaking double-strand at 

specific locations [20], which can then be repaired through homology-directed repair (HDR) or non-

homologous end joining (NHEJ), leading to gene editing [17]. 
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However, TALENs have some downsides. One such drawback is their larger size, as one TALE 

repeat is corresponding to a single nucleotide, and may result in less specificity [21]. The typical TALEN 

is encoded by around 3 kbp of cDNA. This may complicate the delivery and in cellular expression of a 

pair of TALENs. Moreover, therapeutic applications that necessitate distribution via viral vectors with 

constrained cargo size may find their increased size to be a constraint [22]. 

3.  CRISPR/Cas System 

The CRISPR/Cas system, which was first identified in bacteria and archaea, is a widely used defense 

mechanism against foreign genetic material [2]. To protect target DNA from foreign DNA invasions, it 

introduces site-specific double-strand breaks using RNA-guided DNA. 

3.1.  Components of CRISPR/Cas System 

This system consists of CRISPR Array, an upstream leader and CAS Protein. DNA fragments in the 

CRISPR array are composed of Repeats, which are joined by Spacers [1]; repeat lengths within arrays 

are usually the same as sequence lengths, however there are occasionally minor variations [23]. Repeats 

typically range in length from 23 to 47 bp, and subtypes I-C, I-E, I-F, and II have a consensus sequence 

[24]. On the other hand, the majority of the spacer sequences in a genome are distinct. These spacers, 

which provide sequence-specific protection against those extra-chromosomal agents, are DNA 

fragments from a foreign virus or phage [4][5]. The majority of spacers most likely originate from 

plasmids or phages. In this system, the spacer sequence is essential. A crRNA (CRISPR-derivedRNA) 

is produced upon transcription, and once mature, it identifies the foreign target sequence and directs the 

cleavage-active Cas9 protein to attach to it in order to carry out the cleavage function. Additionally, the 

leader sequence can be found upstream of the initial repetition [3]. This 200–500 bp long AT-rich 

segment contains the promoter that starts the array's transcription.[25] 

Genes encoding the Cas proteins are next to the CRISPR array. Cas proteins target and obtain new 

spacers from invading elements [25]. Currently, CRISPR/Cas systems are categorized into three types 

[24]: Type I and Type III systems require the involvement of multiple proteins to function effectively, 

whereas Type II system relies on Cas9. It facilitates the incorporation of spacer sequences into the 

CRISPR array to accurately identifies and cleaves foreign DNA or RNA [26]. 

3.2.  Mechanism of CRISPR/Cas System 

When foreign nucleic acids first invade, the bacteria recognize a specific sequence within it and integrate 

it as a spacer sequence into the CRISPR locus. If the same plasmid or virus invades again, this spacer 

sequence is transcribed into CRISPR-derived RNA (crRNA), and Transactivating crRNA (tracrRNA) 

is also transcribed. 

In eukaryotic cells, the CRISPR/Cas9 system comprises a single guide RNA (sgRNA) and the Cas9 

protein. The sgRNA is formed by combining tracrRNA with guide RNA (gRNA). This Cas9 protein 

acts as a nuclease, enabling precise DNA editing at designated locations as directed by the gRNA. To 

target a specific gene, the sgRNA first binds to its corresponding sequence in the gene, thereby directing 

the Cas9 protein to its intended site. Subsequently, the Cas9 recognizes a Protospacer Adjacent Motif 

(PAM), which consists of NGG nucleotides located next to the target region. Once this recognition 

occurs, the Cas9 protein becomes activated and cleaves the target gene. Once the gene is disrupted by 

the Cas9 protein, two repair pathways are initiated: Non-Homologous End Joining (NHEJ) and 

Homology-Directed Repair (HDR). The NHEJ repair pathway directly joins the broken DNA ends, often 

leading to nucleotide deletions that disrupt the gene's open reading frame, causing frameshift or 

nonsense mutations, which result in gene inactivation and achieve gene knockout. In contrast, the HDR 

repair pathway requires the introduction of a repair template that is complementary to one strand of the 

DNA. This template can be integrated into the target sequence through base pairing, enabling gene 

knock-in [27][28]. 
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4.  Application of CRISPR 

4.1.  Using CRSIPR in Tumour Therapy 

CRISPR/Cas9 is an effective gene-editing technique that has opened up a lot of possibilities for cancer 

treatment due to its ease of use and efficiency. As of right now, the CRISPR/Case gene editing method 

has demonstrated encouraging curative benefits in cases of bladder cancer, colorectal cancer, lung 

cancer and other cancers [29, 30, 31]. 

In recent years, utilizing the CRISPR/Cas9 technology to optimize CAR-T (chimeric antigen receptor 

T-cell) therapy in immunotherapy has achieved substantial progress, making it one of the important 

directions for future research development. CAR-T cell therapy, as a novel form of immunotherapy, 

works by modifying T cells into CART-T cells that carry chimeric antigen receptors. Then, they can 

specifically target and kill tumor cells through the immune activation effects of T cells. 

T cells are frequently isolated and subsequently altered from tumor patients' peripheral blood in 

clinical trials including CAR-T treatment. CAR-T therapy's use is limited, nevertheless, as many patients 

are unable to obtain an adequate quantity of high-quality T cells. Allogeneic T cells can compensate for 

the deficiencies in both quantity and quality of autologous T cells; however, disparities in major 

histocompatibility complex (MHC) and T cell receptors (TCR) between donors and recipients may lead 

to significant allogeneic reactions and graft-versus-host disease (GVHD) when donor-derived T cells 

are administered to recipients. CRISPR/Cas9, with its ability for multiplex genome editing, can 

simultaneously target multiple sites to create universal CAR-T cells that lack endogenous MHC and 

TCR expression [32].  

Programmed death-1 (PD-1) serves as a critical immunological checkpoint that inhibits T cell 

activation through its interaction with the ligand PD-L1. This mechanism is vital for managing normal 

immune responses and allowing tumors to evade immune detection. By obstructing the PD-1/PD-L1 

signaling pathway, tumor immunotherapy can reactivate T cells, thereby boosting their ability to target 

cancer cells [33]. Recent advancements have shown that CAR-T cells lacking PD-1 not only enhance 

cell survival—remaining viable in vivo for almost nine months—but also minimize clinical toxicity. 

Rupp et al. conducted a study wherein T cells were electroporated to introduce Cas and sgRNA 

targeting exon 1 of the PD-1 gene. Subsequently, these cells were transduced with lentiviruses to express 

the CD19 CAR gene. The results indicated that CD19 CAR-T cells with deleted PD-1 genes effectively 

eradicated tumor cells in a mouse model containing PD-L1+CD19+ tumors. This finding underscores 

the significant role of the PD-1/PD-L1 signaling pathway in regulating T cell functionality [34]. 

4.2.  Using CRSIPR in Therapy of Genetic Diseases 

The pathogenic gene for Duchenne muscular dystrophy (DMD), an X-linked recessive neuromuscular 

illness, is the dystrophin gene with 79 exons. It is known as the largest human gene as it is about 2.2Mb 

long.  Mutations in the DMD gene primarily manifest as exon deletions or duplications. Some 

researchers have used CRISPR/Cas9-based targeted gene activation (gain-of-function) to supplement 

dystrophy for the treatment of DMD [35]. Considering the capacity of AAV vectors for gene therapy, 

the researchers optimized the SAM system by targeting sgRNAs that are 14 nt or 15 nt to guide Cas9 to 

the target gene site. The study showed that reducing the number of nucleotides in the sgRNA that match 

the target sequence from 20 to 14 or 15 could mediate effective activation, while also inhibiting Cas9's 

endonuclease activity and preventing the formation of indels, thus being called lethal sgRNAs (dead 

sgRNAs, dgRNAs). Meanwhile, the researchers modified the framework structure of dgRNAs by 

changing the G and C content in the MS2 stalk-loop structure adapter region to determine the optimized 

dgRNA framework structure. By packaging dgRNA and MPH (MS2-p65-HSF1) separately with AAV 

and co-transfecting them into DMD mice. Therefore, the muscle function of mice is significantly 

improved and is effectively alleviated the symptoms of DMD.[36] 
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5.  Limitation of CRISPR/Cas System 

Despite the broad utility of CRISPR in cancer biology, the biggest drawback of this technology is off-

target effects, which vary across different species. It is essential to identify the causes of off-target effects 

and find ways to ensure that Cas9 proteins accurately cut the target sequence. Reducing off-target effects 

remains a major challenge in the application of this technology. Off-target effects refer to the 

phenomenon where Cas9 proteins, in addition to cutting the target sequence, also act on other sequences 

similar to the target sequence. These effects occur because the sgRNA can partly mismatches when 

binding with DNA sequences, leading the CRISPR/Cas9 system to cut non-target DNA sequences, 

resulting in unwanted mutations. There are two situations in which sgRNA may cause mismatches at 

non-target sites: (1) Only base pair mismatches exist between the non-target DNA sequence and the 

sgRNA, both of which are the same length. (2) Base pair mismatches and the development of DNA or 

RNA bulges are caused by the uneven length of the non-target DNA sequence and the sgRNA [37][38]. 

In order to reduce the off-target effect, several optimization strategies have been developed, such as 

Double-nickase measures and dCas9 protein binding to FokⅠnuclease [28]. Off-target effects can be 

reduced by controlling the concentration of the Cas9-sgRNA complex. By regulating the expression 

levels of either Cas9 protein or sgRNA, off-target effects can be minimized. Pattanayak and colleagues 

found that shorter, less active sgRNAs were more specific than longer, more active ones [39]. Moreover, 

high concentrations of sgRNA-Cas9 complexes could cut sites near or within the PAM sequence, 

leading to off-target effects. However, reducing these concentrations may also decrease the overall 

genome editing capability. As such, achieving a balance between the effectiveness of gene editing and 

off-target effects is imperative. According to recent studies, a gRNA to Cas9 complex ratio of 2:1 or 3:1 

efficiently minimizes off-target effects while producing high target gene knockdown efficiency. [38] 

6.  Conclusion 

As a third-generation of gene-editing tool, the CRISPR system surpasses ZFNs and TALENs in various 

aspects. It is expected to become the primary gene-editing tool in the future. As the developers of this 

technology have stated, "The application of CRISPR technology is limited only by our imagination." In 

summary, the CRISPR system has already made a significant impact molecular biology. Many of the 

fundamental and perplexing concerns have already started to be addressed by the swift development and 

advancements in CRISPR technologies. However, its application requires continued exploration, and its 

potential still entails further development. 
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