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Introduction 
The gene editing era was initiated in 1979 by Scherer and 

Davis. They have been successfully modified the 

chromosome of Saccharomyces cerevisiae based on 

restriction enzymes. Then in 2011, Wood et al. described 

the binding of zinc finger nucleases (ZFNs), which 

facilitated the development of modular DNA detection 

proteins. Zinc finger proteins are DNA-binding proteins 

that can be designed to recognize specific DNA triplet 

sequences and the attached nuclease cuts the DNA-protein 

complex. Similarly, TALENs (Transcription activator-like 

effector nucleases) can recognize a single nucleotide 

instead of triplets in case of ZFN. The breaks of 

DNA/protein induced by ZFNs or TALENs trigger the 

DNA repair processes, leading to high-frequency of 

nucleotide replacement and even mutagenesis (Carroll  

2011).  Some experiments were performed utilizing the 

ZFNs technique; nevertheless, it did not evolve into a 

broadly accepted process (Serajian et al. 2021). The 

transcription activator-like effector nucleases (TALENs) 

approach for gene editing was easier and affordable than 

ZFNs, and also due to site-directed genome-editing 

options (Lou et al. 2022). ZFN and TALEN are used for 

genetic modifications i5n mouse stem cells, zebrafish, fruit 
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ABSTRACT 

Gene editing technologies have evolved remarkably from zinc-finger nucleases 

(ZFNs) and transcription activator-like effector nucleases (TALENs) to the 

highly efficient clustered regularly interspaced short palindromic repeats and 

CRISPR-associated (CRISPR-Cas) systems. The development of the CRISPR-

Cas system to be simple, precision, and versatile tools have revolutionized 

modern molecular biology and therapeutic research. This review summarizes 

the recent advances in CRISPR-based applications, including gene function 

studies, diagnostics, ex vivo and in vivo therapies, antimicrobial resistance 

control, and parasite genome manipulation. The paper also highlights the major 

technological challenges related to editing specificity, delivery systems, and 

off-target effects, together with recent innovations such as base editing, prime 

editing, and CRISPR-mediated transcriptional modulation. Some challenges 

facing the CRISPR- Cas system applications haven summarized in brief.  

Furthermore, the integration of artificial intelligence has emerged as a 

promising tool to enhance prediction accuracy and therapeutic efficiency. 

Overall, this review outlines the current progress, biomedical applications, and 

future perspectives of CRISPR-Cas technologies in precision medicine and 

biotechnology.  
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flies, nematodes, rats, livestock and even in monarch 

butterflies (Smith et al. 2021). However, both ZFN and 

TALEN were not such successful tools for gene editing 

due to many constrains (Kumar et al. 2025). CRISPR 

(clustered, regularly interspaced, short, palindromic 

repeats)/Cas (CRISPR-associated) systems are bacterial 

defense mechanisms which recognize and eliminate 

foreign invading DNA. CRISPR system is creating a 

targeted DNA double-strand break, followed by cell’s 

repair mechanisms. The repair mechanisms are leading to 

error-prone Non Homologous End Joining (NHEJ) or 

precision knock-in via Homology Directed Repair (HDR) 

(Mengstie & Wondimu 2021).  Once the CRISPR-

associated (Cas) guided by RNA has been established, a 

new era in the gene editing field has started.  The 

CRISPR/Cas system has advantages over the ZFN and 

TALEN strategies, such as: simplicity of gRNA design, 

delivery of gRNA and RNA encoding the Cas protein with 

high efficiency and finally, multigene editing can be done 

in the same time (Asmamaw & Zawdie 2021).  In late 

2023, the first CRISPR-based human therapy was 

approved. This review provides an overview of CRISPR-

Cas systems, applications and challenges. 

 

CRISPR–Cas systems 

Prokaryotes' CRISPR-Cas serve as adaptive 

genome protection mechanisms (Doudna & Charpentier 

2014). CRISPR immunity progresses via three steps: 

adaptation, expression, and interference, which 

eliminate imported nucleic acids. (Xu & Li 2020). 

Bacteria incorporate the invading DNA/ RNA fragments 

into special sequence protospacer adjacent motifs 

(PAMs) which then become a part of the CRISPR array 

in the parent cell genome.  Then processed through 

transcription to produce CRISPR-RNA (crRNAs) and 

transcribed Cas proteins (Abavisani et al. 2023). 

Ultimately, the interference stage is reached when the 

imported or foreign DNA/RNA gets detected by the 

crRNA and Cas protein, resulting in the target splitting 

and the double-strand break formation (Mosterd et al. 

2021).  

The CRISPR-Cas system was functionally active by 

integrating trans activating crRNA (tracrRNA) and 

crRNA into a single guide RNA (sgRNA), thus 

providing one Cas nuclease-one-guide-RNA design 

(Jinek et al. 2012, Yao et al. 2020, Mohanraju et al. 

2022).  The sgRNA is a twenty-nucleotide sequence that 

corresponds to a sequence in the genome that flanks 

PAM. In other words, that sequence is homologous to a 

region in the target gene and regulates the Cas9 nuclease 

functions (Kanafi & Tavallaei 2022) (Figure 1). The 

double strand breaks (DSBs) are repaired by homology 

directed repair (HDR) or non-homologous end joining 

(NHEJ)/ microhomology-mediated end joining (MMEJ) 

mechanisms (Xue & Greene 2021). NHEJ repairing 

mechanism is predominated in mature cells and often 

causes base mutations, while HDR repair mechanism is 

a complicated and precise process that leads to the 

correct repair of the broken DNA strands (Yang et al. 

2020) (Figure 1). 

According to Makarova et al. 2020, the CRISPR- 

Cas system is classified into 2 Classes. CRISPR 

classifications were placed into a fairly simple hierarchy: 

class to type to subtype to variant. Classes are based on 

the main Cas effector; types are based on main function 

and composition; subtypes and variants are typically 

based on species of origin. There are currently two 

classes, 6 types, 48 subtypes, and 17 variants (Iyer et al. 

2025). CRISPR systems that are in the same class and 

type don’t share sequence similarity but are grouped due 

to mechanisms of action and other analyses. 

Class 1 CRISPR systems use multi-Cas effectors, 

referred to as Cascade (CRISPR-associated complex 

for antiviral defense) complexes, while Class 2 uses 

single protein Cas effectors, like Cas9. The Cascade 

complex doesn’t usually carry out the function of the 

specific CRISPR type but often recruits the main effector 

complex after binding to a target. Class 1 is the most 

abundant of the two, comprising about 90% of identified 

CRISPR-Cas in bacteria and nearly 100% in archaea, 

though Class 1 remains largely underutilized compared 

to Class 2. (Abavisani et al. 2023, Iyer et al. 2025). 

Genome editing is not the only application of 

CRISPR technology; inhibition and activation of gene 

expression is also applicable.  Inactive Cas9 nuclease 

(dCas9) has been used to alter target gene expression 

either at the level of the gene or by modulating chromatin 

state. CRISPR interference (CRISPRi) has been 

achieved by using dCas9 nuclease that bind to repressor 

domain for silencing a target gene (Larson et al. 2013) or 

binds to the promoter region of an active gene to turn it 

off (Thakore et al. 2018). CRISPR activation (CRISPRa) 

increase target gene expression through binding of the 

activation domain to dCas9 (Gilbert 2022). On the 

chromatin level, dCas fused with histone-modifying 

enzymes (acetylases or demethylases) activates 

chromatin, leading to gene expression (Weltner et al. 

2018). 

 

CRISPR System applications  

The CRISPR system has a diverse array of 

applications, including diagnostics, therapeutics, and 

gene function studies. Moreover, control for targeted 

gene expression, multiplexing experiment design, 

labeling, and other applications. (Xu et al. 2022). 
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Fig 1. ZFNs , TALENs, and  CRISPR are the most commonly utilized nucleases in gene editing. The breaking strands 

are repaired by  non-homologous end joining (NHEJ) or homology-directed repair (HDR) mechanisms.  

1. Identifying of gene function  

The CRISPR/Cas9 system has been implemented to 

screen critical bacterial genes and determine their 

chemical vulnerabilities and virulence factors. Peters et al. 

in 2016, identified a whole-genome interaction association 

in Bacillus subtilis. They proposed that this method could 

be utilized for other pathogenic bacteria, potentially aiding 

in the novel preventive strategies development (Peters et 

al. 2016). In 2016, Tao et al. utilized CRISPR-Cas9 to 

perform genome-wide screenings on Clostridioides 

difficile. They recognized frizzled family that function as 

receptors for toxin B (TcdB). Toxin B is a significant 

virulence factor in C. difficile (Tao et al. 2016). By 

conducting a CRISPR-mediated knock-down screen, C. 

difficile severe symptoms are the result of a difficult 

infection.  

Peters et al. in 2019, conducted an additional study on 

the understanding of antibiotic sensitivities and 

resistances. . Applying, dCas9 protein and sgRNA, the 

CRISPR method is employed to prevent gene expression. 

They created 'Mobile-CRISPRi', a tool that enables the 

easy integration of genomic information and its transfer of 

it to a variety of bacteria through conjugation. They 

examined drug-gene interactions at the library scales and 

illustrated the effectiveness of this method in human 

diseases that are connected with antibiotic resistance 

(ABR). (Peters et al. 2019). 

The next phase to entail gene function is the ability to 

generate mutations and assess their repercussions. Rousset 

et al. have developed a novel CRISPRi platform for a wide 

variety of E. coli isolates that are closely associated. This 

technique enables the development of a unique sgRNA 

library that targets certain groups of a particular genus. 

This approach enables the targeting and screening of over 

90% of the E. coli genes that exist in sequenced isolates. 

Recently, Cas 13 has been used effectively to reduce viral 

RNA in mammalian cell line. CRISPR- Cas 9, 12 and 13 

were proven to be act as an antiviral drug for coronavirus 

(Tan et al. 2025).  

2. Diagnostic Use of CRISPR-Cas 

The early identification of microbial infections 

through rapid and precise diagnosis is the best way for 

fighting diseases. The researchers are working to produce 

a diagnostic test that is cost-effective, user-friendly, 

accurate, and rapid. They have developed a CRISPR-Cas 

technology that diagnoses many of human infections 

microbes. Cas activity combined with nucleic acid 

sequence-based amplification (NASBA), and an 

isothermal amplification technique based on CRISPR 

cleavage (NASBACC) is used as a biosensor. This 

biosensor can detect target DNA or RNA sequence in the 

infected microbes and hence diagnosis of disease. Cas- 

based biosensing system application is divided into two 

groups. The first has nuclease Cas activity and the second 

has nuclease-deficiency or dCas (Wang et al. 2020). 
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SHERLOCK (Specific High-sensitivity Enzymatic 

Reporter unlocking) and DETECTR (DNA Endonuclease 

Targeted CRISPR Trans Reporter) are two disease 

diagnostic technologies based on the CRISPR-Cas system.  

SHERLOCK use CRISPR- associated protein, Cas 13, 

while DETECTR use Cas 12a for DNA/RNA disease 

diagnostics (Pena et al. 2023).  Cunningham et al. (2021) 

developed SHERLOCK assay to detect all Plasmodium 

species.  Further, SHERLOCK detects dengue, Zika and 

SARS-CoV-2 viruses (Broughton et al. 2020). A 

DETECTR has been used for diagnosis of E. coli and S. 

aureus (Bonini et al. 2021). DETECTR technology is used 

Cas12a for human papillomavirus diagnosis (Gootenberg 

et al. 2018). A DETECTR using Cas12a/gRNA-based 

platform identified M. tuberculosis and six major 

Nontuberculous mycobacteria (NTM) species without 

cross-reactivity by creating species-specific gRNA probes 

targeting the rpoB sequence (Zhang et al. 2023).  

3. Ex-vivo and in-vivo therapeutic applications 

The most appropriate therapeutic application of this 

system is contingent upon the modification type, the 

administration  route, and the target tissue (Liu et al. 2020). 

The initial method entails the extraction of cells from the 

designated body, the DNA manipulation using CRISPR-

Cas system, and then reintroduce the target modified cells 

into the tissue. (Xu et al. 2022).  

CRISPR therapeutic application is the treatment of 

hemoglobinopathies initiated by genetic abnormalities 

such as β-thalassemia or sickle-cell disease. One of the 

treatment strategies that researchers proposed was the ex 

vivo gene modification.  CRISPR-Cas 9 system is used for 

SCD treatment through two strategies: one way by 

correction of the hemoglobin S gene mutation. The other 

way is the elimination or inhibition of BCL11A gene 

expression that leads to hemoglobin F production (Tariq et 

al. 2024). CASGEVY is an exagamglogene autotemcel, a 

one-time therapy for SCD and β-thalassemia produced to 

market in 2024 by Vertex Pharmaceuticals Incorporated. 

It was the first FDA (US Food and Drug Administration) 

approved CRISPR-Cas9-based gene therapy to produce 

hemoglobin F in the SCD person over 12 years for SCD 

(Singh et al. 2024).  

Additionally, the CRISPR system has revealed its 

possibility for the treatment of Duchenne muscular 

dystrophy, liver diseases, infections, ocular diseases 

(including congenital blindness), and numerous 

neurological diseases. In mouse models, it has been 

demonstrated that genome editing using CRISPR-Cas 

technology may permanently fix DMD mutations and 

restore dystrophin function. The first mice to undergo 

editing of the germline by infusing zygotes with CRISPR-

Cas9 editing were mdx mice, whose mutant exon 23 was 

corrected via either HDR or NHEJ. After that, the 

dystrophin gene was fixed in vivo in postnatally altered 

mdx mice by removing or bypassing the mutant exon 23 

with the use of recombinant AAVs that carried the 

CRISPR-Cas9 genome editing components (Min et al. 

2019). 

Chimeric antigen receptor (CAR) T-cell treatment is 

one such gene transfer therapy. This method includes 

knocking out programmed cell death protein 1 (PD-1) in T 

cells, and an engineered extracellular antigen-binding 

domain was inserted to identify malignant cells. The initial 

application of CRISPR for cancer treatment occurred in 

2016 at the West China Hospital of Sichuan University in 

Chengdu, where it was administered to a metastatic non-

small cell lung cancer case (Zhao et al. 2020).  

However, the CRISPR-Cas9 system has allowed 

researchers to rapidly select transduced cells based on 

antibodies without the need for in-vitro cultivation 

(Tavakoli et al. 2021), but they still cannot conduct tumor-

targeted genome editing as human cancer-related to a 

variety of issues. Furthermore, CRISPR-Cas technology is 

applied to detect target gene mutations in biopsy samples 

from the patient (Foss et al. 2019).  

4. Application in Parasitology 

Regarding to data from the World Health 

Organization, parasite infections continue to be a 

substantial contributor to global morbidity. Antimicrobial 

resistance, the absence of a vaccine, and the medication's 

low efficacy underscore the demand for innovative therapy 

options that are based on parasite biology, such as the 

novel approaches possibility like CRISPR (Tee et al. 

2024). 

In the past few years, there have been incredible 

efforts to assemble the genomes of more than 150 

parasites. As demonstrated by the research carried out on 

the Schistosome genome, the introduction of CRISPR has 

allowed scientists to control genes, generate novel 

sequences, and integrate them into the genome. Binding 

Cas9 to a single-guide RNA (sgRNA) achieves parasite 

genome manipulation such as Plasmodium spp. 

Toxoplasma gondii, and Cryptosporidium spp.  Employing 

CRISPR/Cas9, Ghorbal and Wagner were efficiently 

knockouts some genes in P. falciparum and Toxoplasma 

strains.  

CRISPR/Cas9 technology in Trypanosoma brucei 

succeeded in precise editing in life cycle stages of the 

parasite through knockout or tagging of genes (Rico et al. 

2018). The difficulties of parasites culturing, genomic 

manipulation by commonly used methods and transient 

transfection made the CRISPR/Cas9 tool the best solution 

to overcome these restrictions. (Wang et al. 2016, You et 

al. 2022). Hence, CRISPR/Cas9 complex has become 
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specific, cost-effective, and able to introduce point 

mutations, causing gene knockouts, tagging endogenous 

genes, effective as epigenetic tool, and altering gene 

expression.  

CRISPR technology has been used for production of 

sterile male Anopheles gambia. This mosquitospecies is 

the main vector for malaria infection. The genetically 

stable sterilized mutant male, when released in nature, it 

can reduce the economic loss due to malaria disease 

infection worldwide (Smidler et al. 2024).  

5. Application in bacterial antibiotic resistance  

Antibiotic resistance (ABR) is one of the most 

significant public health worries of our era. In the absence 

of innovative solutions, it is anticipated that antimicrobial 

resistance will result in 10 million fatalities and a charge 

of $100 trillion by 2050 (Gholizadeh et al. 2020). Genetic 

mutations frequently facilitate the natural occurrence of 

antimicrobial resistance. Antimicrobial resistance 

emergence is frequently accelerated by inappropriate 

antibiotics prescription abuse. A variety of complications 

can also exacerbate ABR, such as inadequate infection 

control, hygiene, and disease prevention.  

In 2020, Chen et al. implemented transcriptomic 

analysis and the CRISPR-enabled trackable genome 

engineering (CREATE) technology to assess antibiotic 

tolerance (ABT) in E. coli. Their results suggested the 

existence of seven novel mutations in E. coli that were 

linked to ribosome-targeting ATBs, like doxycycline, 

thiamphenicol, and gentamicin. The results of their study 

illustrate a novel method that enables a more thorough 

aminoglycoside and tetracycline resistance mechanisms 

estimation ATBs in addition, it can be employed quickly 

to detect mutations that are linked to antibiotic resistance. 

(Chen et al. 2020). 

The CRISPR-Cas9 development is considered an 

innovation in gene editing and modulation. This process 

may be influenced by the capability to create these precise 

scissions in target genes of drug-resistant bacteria. This 

alternative approach is distinguished from others by the 

technique's precision. Consequently, the system can be 

programmed to selectively eliminate microorganisms by 

designing a sgRNA that corresponds to a particular target 

gene (Tao et al. 2022). E. coli was one of this system’s 

preliminary applications, and it was endowed with an 

engineered type I CRISPR-Cas9 system. Cas-3, a 3′-to-5′ 

exonuclease, caused damage to the genome. Comparable 

investigations have been conducted by employing a type 

II CRISPR-Cas system. In 2014, the CRISPR-Cas9 system 

was initially employed to combat ABR strains. By 

identifying genetic sequences that are linked to virulence 

or ABR an engineered CRISPR-Cas9 system can 

potentiate cell death or plasmid loss. Citorik et al. initially 

created the S. pyogenes type II CRISPR-Cas system as a 

potent approach for programming the microorganisms' 

diversity (Hidalgo-Cantabrana & Barrangou 2020, Citorik 

et al. 2014).  

A variety of mechanisms, such as drug target 

modification, alteration, inactivation, or drug absorption 

restriction, can be utilized to develop antimicrobial 

resistance (Abavisani et al. 2023). Alternative strategies 

for combating ABR microbes include nano-antibiotics 

(synthesized virus-like nanoparticles), engineered 

bacteriophages, and bioengineered synthetic peptides. 

Eubiotics are employed as growth promoters in these 

methods; however, an extensive quantity of work remains 

to be completed before their precision and efficacy can be 

assessed. 

 

Challenges 

The CRISPR-Cas systems' approval as a readily 

customizable gene editor has made significant progress in 

a variety of fundamental and applied science fields, 

thereby enabling the development of targeted therapeutic 

genes and many biological applications. The development 

of CRISPR/Cas system with high specificity, 

effectiveness, and ease of handling make it an effective 

technology to treat human diseases. (Figure 2).  

1. Editing specificity 

The CRISPR-Cas systems approval as readily 

customizable gene editors have made significant progress 

in a variety of fundamental and applied science fields, 

thereby enabling the development of targeted therapeutic 

genes and many biological applications. However, the 

biological defense system functional characteristics that 

have undergone substantial evolution are distinct from the 

functionalities that are predictable from an accurate 

genome editing instrument. As a consequence, 1st-

generation CRISPR-based gene editing tools' practical 

utility is restricted by a variety of critical factors, such as 

the necessity of relying on endogenous DSB restoration 

techniques to attain genomic alterations, specificity, and 

targeting extent. (Xu et al. 2022). The HDR efficacy and 

the indels suppression by end-joining pathways have been 

improved through a variety of techniques development, 

such as NHEJ inhibitors, cell cycle synchronization, and 

asymmetric or tethered HDR repairing models, which are 

utilized in regulating editing outputs.  
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Fig 2: CRISPR technology applications: Transcription regulation: The deactivated Cas9 (dCas9) obstructs the target 

gene by binding to the repressor domains (KRAB, MXI1, and SID4X) with the VP64 domain. The VP64 domain is 

present in multiple copies, which aid in the activation of endogenous genes through a multimeric peptide 

array. Epigenomic editing: dCas9 binds to epigenetic regulators to activate or inhibit gene expression. Base 

editing: dCas9 fuses with cytidine or adenosine deaminase leading to single base pair edits without DSBs. CRISPR 

imaging: dCas9 labelled by fluorescent molecules binds to specific DNA in viable cells. (Du et al. 2021, Serajian et 

al. 2021). Created with BioRender.com 

The precise modification in the introduction is made 

possible by 2nd-generation methods, such as base or 

primary editing, which operate separately from HDR, 

Viral vectors, lipid nanoparticles, and 

electroporation/nucleofection allow the genome editor 

items in cell transportation. (Yang et al. 2021).  

Four primary constraints are encountered by CRISPR 

genome editing, each of which is resolved through distinct 

technological alternatives. To mitigate genome editors' 

off-target activities: the invention of modified chemically 

guide RNA, high-fidelity nuclease modifications, and 

regulated gene expression for genome editor nucleases 

was implemented. Targeting scope: the NGG PAM 

sequence necessity of SpCas9 hinders the many genomic 

spots that could be targeted. This is resolved via Cas12a 

enzymes, employing Cas9-engineered alternates with a 

substitute or relaxed PAM specifications, and other 

normally generated Cas9 orthologs with replacement 

PAM specifications. (Piergentili et al. 2021). 

 

2. Targeting scope 

The targeting scope of CRISPR nucleases is limited 

to genomic regions of interest that are flanked by a PAM 

sequence due to the DNA-binding mechanism. Though the 

SpCas9 NGG PAM, the most frequently employed 

genome editor nuclease, ostensibly enables an average of 

8 nucleotides the suitable target site identification, certain 

genomic sections are not readily targetable by SpCas9 

since they contain considerable amounts of A/T. Several 

innate Cas9 orthologs with different PAM requirements 

have been discovered and utilized for genome editing. 

Nevertheless, a significant number of these orthologs have 

even more stringent PAM criteria. (Uddin et al. 2020, 

Piergentili et al. 2021) (Figure 3). While this enhances the 

precision of targeting and diminishes off-target effects, it 

frequently leads to inadequate breakage of DNA and 

editing efficiencies. Cas12a nucleases are capable of 

recognizing T-rich PAM sequences, which are typically 

TTTV. However, their targeting range is also limited. 

Several engineered Cas9 variations with adjusted or 

relaxed PAM characteristics have been produced lately to 

circumvent the restriction of PAM requirements, as 

detailed in the following section. Relaxed PAM targeting 

contributes to a major reduction in targeting specificity, 

while these greatly increase the number of available 

domains, they also increase the probability of off-target 

influences and decrease the on-target editing operations 

efficiency because of sequestration at off-target sites. 

(Wang et al. 2022) (Figure 3). 
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Fig 3. The CRISPR genome editing  limitation. Four primary limitations of CRISPR genome editing are addressed by 

specific technological explanations. Editing specificity: Modified guide RNAs, high-specific validity Cas nucleases. 

Controlling editing outcomes: Improved HDR efficiency and precise modifications are facilitated by second-

generation technologies like base editing. Targeting scope: Employed of natural orthologs of Cas9, alternative or 

relaxed PAM variant sequences. Delivery vehicle: Electroporation/nucleofection, viral vectors, and lipid 

nanoparticles assist the entry of genome editor components to the cells.

 

3. Controlling editing outcomes  

The HDR rate in mammalian cells is substantially 

increased by the DSBs generation in the genome utilizing 

targeted nucleases. However, the HDR application is 

limited to dividing cells and frequently leads to 

heteroallelic editing consequences as a simultaneous 

editing consequence that occurs in end-joining pathways. 

In addition, the editing precision at the selected genomic 

target locus is restricted by other negative results, such as 

chromosomal rearrangements, significant deletions, and 

even chromosome loss. Consequently, a significant 

amount of research has been allocated to the development 

to regulate DNA repair outcomes, with a particular 

emphasis on enhancing the knock-in (insertion) mutation 

efficiency by increasing the HDR repair rate (Karn et al. 

2022). 

The most significant finding is that HDR efficacy is 

significantly influenced by the selection of the restoration 

template and its delivery. The silent mutation development 

to prevent the target site recurrent cleavage, the 

asymmetric templates utility, or the donor template for 

repairs tethering to the break site are all methods that can 

be employed to improve HDR. Furthermore, the pre-

assembled Cas9-ribonucleoparticle delivery in 

conjunction with the cell cycle manipulation also increases 

HDR. (Venezia & Creasey Krainer 2021).  

 

 

Cell-cycle synchronization can be accomplished by 

temporarily slowing down the S phase with small-

molecule inhibitors or by boosting the percentage of G2/M 

phase cells. Other approaches alter the equilibrium 

between NHEJ and HDR pathway choice in favor of HDR, 

resulting from concentration on the critical NHEJ factors 

suppression. Similarly, the rates of knock-in mutations can 

be significantly enhanced by the Cas9 direct association 

included in HDR repair, including Mre11, Rad52, or 

Rad51 (Hillary & Ceasar 2023). 

 Small-molecule repaired DNA regulators utilization 

combined with engineered ssDNA repair templates that 

are intended to create dsDNA ends that can be detected by 

Cas9-RNPs, over 80 percent–90 percent efficacies HDR 

editing could be accomplished in normal human T cells. 

Finally, new studies show that retargeting NHEJ editing 

byproducts with secondary guided RNAs can improve 

HDR's effectiveness. So. The introduction of utilizing 

homology templates, particularly lengthy insertions, and 

knock-in mutations maintains a difficult procedure, 

despite these advancements (Hirakawa et al. 2020). Post-

mitotic, finally differentiated cell types, such as neurons, 

are essentially resistant to accurate editing utilizing 

canonical DSB-based approaches, as HDR does not occur 

at significant rates in these cells. The advancement of 

methods to edit genomes that do not depend on DSB and 

eliminate the necessity for HDR has been driven by these 
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constraints, as well as the potentially genotoxic effects of 

DSBs. Such methods include CRISPR-based 

recombinases and transposases, base and prime editing 

(Ahmad et al. 2020) (Figure 3). 

 

4. Delivery vehicle  

A large portion of gene editing applications, both in 

vivo and ex-vivo are still constrained by the gene editors' 

targeted delivery. CRISPR components' safe, specific, and 

efficient delivery of target cells is a successful therapeutic 

genome editing critical component. Additionally, when 

exploring the potential of CRISPR components and 

vectors for their delivery to treat diseases in vivo, one 

potential concern is their immunogenicity. In humans, 

reactive T cells and pre-existing anti-Cas9 antibodies have 

been detected. Adverse therapeutic outcomes have been 

linked to Cas9 immunity in non-human and canine primate 

disorder models (Sivakumar & Cherqui 2022).  

Engineering Cas9 to eradicate immunological 

epitopes, limiting the Cas9 expression period, and 

modulating immune responses are among the numerous 

strategies that have been suggested for overcoming pre-

existing immunity. The most employed delivery modality 

for most in vitro due to their important effectiveness, 

electroporation (nucleofection) and liposome-mediated 

transfection are the methods of choice (i.e. ex vivo) for 

applications in cultured cells (Malabarba et al. 2020).  

Cas9 with a guide in vitro reconstituted 

ribonucleoprotein (RNP) complexes, plasmid DNA, or 

RNA components may be given. The most common 

method of gene editing in ex vivo clinical trials is transient 

RNP-based delivery. The Cas9 complex after a plasmid 

prolonged expression is able to lead to elevated rates of 

off-target editing and occasional plasmid integration. In 

numerous model organisms, through microinjection or 

electroporation for germline genome editing Cas9 RNPs 

or mRNA are generally administered (Tyagi et al. 2020) 

Figure 3. 

Viral vectors are commonly employed to facilitate 

the CRISPR-Cas9 in vivo delivery into mammalian cells. 

It is possible to engineer adeno-associated viruses 

(AAVs), engineer adenoviruses, and lentiviruses to 

substitute modifying the viral genes in the vector using 

gene editing tools. In vivo delivery remains the preferred 

method of delivery for AAVs, as they exhibit low 

immunogenicity, diverse cell tropism, and high 

transduction efficiency. Nevertheless, AAVs are quite 

small viruses with a payload packaging capacity of only 

4.7 kb. Consequently, it is challenging unless ultracompact 

promoters are employed in a single AAV vector to 

assemble the genes encoding SpCas9 (4.2 kb) and its 

sgRNA (100 nt) (Vaghari-Tabari et al. 2022).  

The smaller Cas9 orthologs adaptation and compact 

Cas12-family enzymes have been a significant focus to 

overcome this limitation. Finally, non-viral methods, like 

lipid-based nanoparticles (LNPs), can be employed to 

deliver Cas9 mRNA into cells in vivo in conjunction with 

in vitro reconstituted RNP particles or synthetic guide 

RNAs. Additionally, these techniques are commonly safer 

and demonstrate reduced immunogenicity than viral-based 

vectors, which is a benefit. LNPs are internalized through 

endocytosis, and their efficacy is subsequently The 

contents diminish as they either escape the endosome and 

migrate to the nucleus or are destroyed by the lysosom 

(Yarra & Sahoo 2021). The emergence of new LNP 

formulations has led to an increase in tissue-specific and 

organ-targeting efficacy  (Figure 3). 

 

New technology to overcome the CRISPR-Cas 

technology limitations 

1. Transcriptional modulation “CRISPRi and 

CRISPRa”  

Additionally, genome editing has been facilitated by 

CRISPR technologies, which have also supported gene 

expression transient manipulation. Initially, bacteria were 

used to specify gene promoters and sterically block RNA 

polymerases by employing catalytically inactive mutants 

of Cas9. This prevented RNA transcription. Including the 

KRAB transcriptional repressor domain a variety of 

transcriptional and epigenetic modulators, can be fused to 

nuclease-inactive Cas9 and directed to the actively 

transcribed gene promoter regions to reduce gene 

expression in eukaryotic cells (Bendixen et al. 2023).  

CRISPR interference (CRISPRi) is a technique that 

effectively inhibits gene expression, serving as a 

substitution for small interfering RNA (siRNA)-mediated 

RNA interference. Deficient in nuclease activity Cas9 

protein fusions by modifying the chromatin state or 

activation factors or by directly recruiting transcriptional 

can activate the specific gene expression. To achieve 

CRISPR activation (CRISPRa), dCas9 has been fused to 

transactivation domains, for instance, VP64 and its 

derivatives (Jensen et al. 2021). Furthermore, binding to 

enzymes like demethylases or acetylases (histone 

modifying enzymes), can promote active chromatin states 

to enhance transcription of gene and precisely alter 

epigenetic markers at a specific locus. The above 

methodologies have been easily designed for genome-

wide loss-of-function (CRISPRi) or gain-of-function 

(CRISPRa) screening. Nevertheless, CRISPR-directed 

transcriptional modulation is significantly influenced by 

off-target activity due to the promiscuity of DNA binding 

by Cas9, which is usually more promiscuous than cleavage 

(Becirovic 2022).  
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2. Targeted RNA silencing and transcription 

modification  

The molecular tools development for specific RNA 

modification, editing, and silencing has progressed due to 

the RNA-guided, ssRNA-targeting Cas13 enzymes 

innovation from type VI CRISPR-Cas systems. The RNA 

alterations' transient character may render transcriptome 

editing a viable alternative to genome editing in specific 

circumstances. Transient RNA editing may elicit transient 

healing effects in acute conditions, such as viral infections 

or pain and inflammation, without resulting in permanent 

genetic alterations (de Melo et al. 2020). 

Adenosine deaminase acting on RNA (ADAR) 

enzymes are fused with nuclease-inactive dCas13 proteins 

to facilitate adenosine deamination in target RNA 

molecules, leading to an inosine base formation. This 

constitutes the contemporary RNA editing strategies 

foundation. A dsRNA substrate for the ADAR enzyme is 

generated by the Cas13 gRNA hybridization with the 

target RNA. The inosine that is produced can efficiently 

base pair with a cytosine, and as a result, it is recognized 

as a guanosine through translation. This process introduces 

codon modifications into mRNA that are similar to an A-

to-G conversion (Kazi & Biswas 2021).  

3. Delivery technology 

Many innovative technologies are under development 

to enhance the efficiency of CRISPR-Cas system delivery 

and inhibit cell immune reaction against the CRISPR. LNP 

complex used to delivering CRISPR components for 

targeting specific tissues (Cheng et al. 2020). This delivery 

technology has been applied in editing of primary 

lymphocytes (Foss et al. 2023), neural cells (Chen et al. 

2023) and air truck epithelia (Krishnamurthy et al. 2019). 

Many other delivery systems such as engineered 

endogenous virus particle have been anciently impeded in 

eukaryotic genomes to ensure delivery with reduced 

immunogenic response (Segel et al. 2021). Most recently, 

computationally designed protein cages are used as a 

deliver system for CRISPR-Cas complex (Wang et al. 

2023). All of those technology need a further research for 

their efficiency and safety in clinical applications.  

4. Artificial Intelligence  

Artificial intelligence and deep learning have reached 

an incredible progress in improving of gene editing 

delivering accuracy and efficient. AI predictive modelling 

of the editing outcome is crucial for therapeutic 

application (Mathis et al. 2023, Wessels et al. 2023). The 

AI power has other challenges as the predictive models 

need updating and accurate access to data that can be 

variable according to experimental design (He et al., 

2025). Kim et al. (2025)  have reviewed the  AI using  for 

personalized gene editing in a therapeutic application for a 

baby has carbamoyl phosphate synthetase 1 (CPS1) 

deficiency. The CRISPR techniques corrected this gene 

mutation in the baby liver cells causing the disease. The 

near future in human disease therapy is very promising 

using deep learning in personalized gene editing.  

Conclusion  

The CRISPR-Cas system represents one of the most 

powerful and precise tool for genome-editing, enabling the 

addition, deletion, or correction of genetic sequences with 

remarkable accuracy. Its applications have extended far 

beyond basic research to include clinical therapies, 

antimicrobial resistance control, and the management of 

parasitic and genetic diseases. The emergence of 

deactivated Cas variants (dCas) has further expanded the 

use of CRISPR as a transcriptional and epigenetic 

regulation tool. Despite these advances, challenges such as 

off-target activity, delivery efficiency, and 

immunogenicity continue to limit certain clinical 

applications. Recent progress in delivery strategies, base 

and prime editing, and the integration of artificial 

intelligence offers promising solutions to overcome these 

limitations. Continued interdisciplinary research and 

ethical oversight will be crucial to ensure the safe, 

efficient, and equitable translation of CRISPR-based 

technologies into clinical and biotechnological 

applications. 
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