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ABSTRACT 

Background: Precision health care has been revolutionized by CRISPR-Cas9 technology for therapeutic genome 

editing, but inaccurate DNA repair and non-target mutations are major obstacles for clinical application. However, 

nonhomologous end joining (NHEJ) frequently results in undesired insertions and deletions, lowering editing fidelity 

as well as genomic stability. 

Objective: To enhance the accuracy of therapeutic genome editing by engineering DNA repair pathways to enhance 

Homologous Recombination Directed Repair (HDR) and inhibit error-prone repair pathways. 

Methodology: CRISPR-Cas9 systems were used to edit human cell lines and DNA repair process modulation 

strategies by RAD51 expression, whereas DNA-PK inhibition and CtIP activation. were implemented. Editing 

accuracy, HDR efficiency, as well as off-target the incidence of mutations were evaluated through next-generation 

sequencing protocols, fluorescence reporter evaluations, and molecular validation methods. 

Results: The engineered repair system showed a 42% increase in HDR-mediated precise genetic correction and a 

decrease of 35% in off-target mutations in comparison to conventional CRISPR editing. Further optimization of the 

repair pathway improved cell viability from 82% to 91%. 

Conclusion: Engineering regarding DNA repair pathways greatly improves the accuracy of therapeutic genome 

editing, genomic stability and clinical safety, which may provide a viable approach for future precision health care 

applications. 
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1. INTRODUCTION 

The therapeutic modifying the genome has emerged as a revolutionary approach in modern medicine as it allows 

precise alteration of disease-causing genetic mutations. The CRISPR-Cas9 system has attracted a lot of attention 

among the diverse genome editing technologies due to its simplicity, efficiency and programmability [1]. CRISPR-

based editing has demonstrated promising possibilities for the treatment of genetic diseases, cancer immunotherapy 

and regenerative medicine. However, a major challenge for clinical translation is the incidence of incorrect DNA 

repair outcomes and unforeseen off-target mutations [2]. 

The introduction of breaks in the double strand (DSBs) is key for genome editing and triggers endogenous cell-based 

DNA repair pathways . There are two major repair pathways, non-homologous end joining (NHEJ) as well as 

homologous recombination-directed repair (HDR) [3]. NHEJ is the major repair pathway in mammalian cells and 

repairs DNA breaks quickly, but is error-prone and often presents insertions or deletions (indels), which reduce editing 

precision [4]. In contrast, HDR enables very precise template-guided repair but takes place at relatively low 

frequencies, particularly in non-dividing cells [5]. 

Recent developments in molecular biotechnology have aimed to engineer DNA repair pathways to enhance the 

precision of genome editing and the safety of therapeutic applications. Essential improvement in HDR efficiency has 

been shown using strategies including inhibiting DNA-PKcs, inhibition of ligase IV and improvement of RAD51-

mediated recombination that is homologous [6]. Overexpression of restoration proteins such as BRCA1, CtIP and 

RAD52 has been reported as well to increase rates of precise gene correction [7]. In addition, phase synchronization 

of the cell cycle and optimizing of donor DNA templates contributed to improved repair conformity during CRISPR-

mediated editing. 

The advent of genome editing technologies including base editing and prime editing has further improved therapeutic 

precision by preventing the need for DNA double-strand breaks [8]. Prime editing allows the direct replacement of 
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sequences with fewer genomic damages, and base editing allows specific conversion of nucleotides without extensive 

the instability of the [9]. The incorporation of these technologies alongside engineered DNA repair pathways 

demonstrated potential to decrease off-target effects and increase therapeutic efficiency. 

Moreover, computational biology along with artificial intelligence founded guide RNA design tools are increasingly 

used to predict repair results and to optimize editing process specificity [10]. Nanoparticle mediated delivery systems 

as well as viral vector engineering were additionally employed to improve intracellular distribution of CRISPR 

components, thus improving editing consistency and lowering cytotoxicity. 

Despite major progress, some challenges remain in long-term genomic stability, immune responses, shipment toxicity, 

and ethical concerns in therapeutic genome editing [11]. Accordingly, engineering DNA repair pathways is a key 

strategy to improve editing fidelity, reduce off-target mutations, and allow for safe medical uses of therapeutic genetic 

editing technologies. 

 

2. PREVIOUS WORK 

Recent developments in therapeutic genome editing have underscored the significance of DNA repair route 

engineering to enhance the precision and safety of CRISPR-Cas9. Studies demonstrate that the conventional CRISPR-

mediated editing process can cause unwanted insertions, deletions and off-target mutations due to the dominance of 

the non-homologous end joining (NHEJ) pathway over the homologous recombination-directed repair (HDR) [12]. In 

mammalian cells, suppression of NHEJ-associated proteins including DNA ligase IV and DNA-PKcs was shown to 

markedly improve HDR-mediated accurate genome correction [4]. 

Overexpression of homologous recombination proteins like RAD51, BRCA1, CtIP and RAD52 have also been 

investigated to enhance repair fidelity and editing accuracy [13]. These modifications allow for template directed 

DNA repair and decrease genome instability during therapeutic editing. Emerging technologies such as base editing 

along with prime editing have further reduced double-strand break-related mutations and enable targeted nucleotide 

modification and sequence replacement with no extensive chromosomal damage [14]. 

Recent studies have also been determined cell-cycle synchronous genome editing, epigenetic modifying of DNA 

repair proteins, AI-supported guide RNA optimization, nanoparticle-dependent CRISPR delivery networks, and 

synthetic donor template engineering [15]. Artificial intelligence tools are enhancing the prediction of guide RNA 

particularity, reducing off-target cleavage events and enhancing therapeutic efficiency [10]. 

Despite significant progress, several limitations remain, such as low HDR performance in vivo, immune response 

against CRISPR elements, delivery toxicity and long-term instability of genomics [16]. Biosafety concerns are 

continuing to challenge clinical execution due to permanent genomic alterations. Hence, engineering DNA repair 

pathways is a critical approach to enhance the accuracy, efficiency, and therapeutic reliability of next-generation 

genome editing technologies [17]. 

 

Objectives of the Study 

In the present study, we aim to investigate the function of DNA repair pathway engineering to enhance the safety and 

precision of therapeutic gene editing systems. The objectives of the study are: 

a. To study the modulation of DNA repair pathways during CRISPR-Cas9 genome editing, by analyzing the effect 

of homologous recombination (HDR) as well as non-homologous end joining (NHEJ) mechanisms on the editing 

outcomes.  

b. Enhancement of homologous recombination efficiency by means of overexpression of repair proteins (e.g. 

RAD51, BRCA1, CtIP) and downregulation of error-prone repair pathways for precise therapeutic editing.  

c. To reduce off-target mutations by engineering repair pathways to maximize DNA repair fidelity, RNA to guide 

particularity, and controlled gene editing conditions.  

d. To evaluate genomic stability after engineered repair modulation by analyzing chromosomal integrity, DNA 

degradation response, apoptotic rate, and long-term cell viability post genome editing.  

e. To evaluate the therapeutic utility of advanced genome editing systems for precise medicine applications, such 

as inherited genetic diseases, cancer therapies, and regenerative medicine approaches. 

 

3. MATERIALS AND METHODS 

3.1 Cell Lines Selection 

We chose human embryonic kidney (HEK293) cells as well as induced pluripotent stem cell (iPSC) lines to carry out 

therapeutic genome editing experiments due to their high transfection efficacy and importance in regenerative 

medicine researches. Cells were grown in Dulbecco's Modified Eagle Medium complemented about 10% fetal bovine 

serum as well as antibiotics according to sterile conditions in a 5% CO 2 incubator at 37 °C. Cell viability and 

morphology were routinely monitored by phase-contrast microscopy to make sure optimal growth conditions prior to 

genome editing procedures [18]. 
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3.2 Design of CRISPR-Cas9 

AI-assisted bioinformatics tools were used to design guide RNAs (sgRNAs) intended disease-associated genomic loci 

listed in Table 1 with minimal off-target cleavage. Synthesis of CRISPR-Cas9 plasmids as well homologous donor 

DNA templates for precise gene correction via HDR. Transfection of CRISPR components through cell lines was 

carried out by lipofection and electroporation methods under customized experimental conditions [10]. 

 

Table 1. Experimental Components Used in Genome Editing 

Component Function 

CRISPR-Cas9 DNA cleavage 

sgRNA Target recognition 

Donor DNA Template HDR-mediated repair 

RAD51 Plasmid HDR enhancement 

DNA-PK Inhibitor NHEJ suppression 

The intended sgRNAs were algorithmically screened for a target specificity and minimization of off-target genomic 

alterations. 

 

3.3 Engineering DNA Repair Systems 

We engineered DNA repair pathways to enhance homologous recombination and inhibit error-prone repair pathways 

to increase editing precision. Plasmids were transected to over express RAD51 and DNA-PK inhibitors to enhance 

HDR effectiveness and inhibit NHEJ activity. Activation of CtIP and synchronization of the cell cycle were also 

employed to enhance the frequency of accurate repair in the S/G2 stages of the cell cycle [19]. 

 

 
Figure 1. Workflow of DNA Repair Pathway Engineering for Therapeutic Genome Editing 

 

Figure 1. Workflow of engineering DNA repair pathways for therapeutic genome editing This is achieved by designing 

sgRNA, delivery of CRISPR-Cas9 in the cell, DNA double strand breaks introduction, repair pathways modulation, 

precise correction using HDR and validation by sequencing. The engineered approach improves homologous 

recombination efficiency, decreases off-target mutations, and increases genome editing preciseness and therapeutic 

safety. 

a. sgRNA Design  

b. CRISPR-Cas9 Delivery  

c. DNA Double-Strand Break Formation  

d. Repair Pathway Modulation  

e. HDR-Mediated Precise Correction  

f. Sequencing Validation  

The workflow demonstrates the stepwise process of therapeutic genome editing employing engineered DNA repair 

modulating strategies. 

 

3.4. Sequencing and Validation 

Efficiency of genome editing and fidelity of repair were determined employing Next-Generation Sequencing (NGS), 

Sanger sequencing, a T7 endonuclease assays and fluorescence reporter assays. Sequence alignment analysis was used 

to quantify HDR efficiency, insertion-deletion the frequency, and off-target mutations. Successful template-directed 

gene correction was confirmed by fluorescence-based assays in the edited cell populations [20]. 

 

3.5 Statistical Analysis  

All experiments were repeated in triplicates and the data obtained were analyzed employing Analysis of Variance 

(ANOVA) and regression analysis. Statistical significance was evaluated employing GraphPad Prism and SPSS 
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software at p < 0.05. Mean values as well as standard deviations were computed to assess the reproducibility of the 

experiment and the editing consistency. 

 

4. DATASET AND THE PARAMETERS 

Table 2 provides the experimental data group of genome editing as well as DNA repair parameters derived from 

CRISPR-Cas9 therapeutic editing experiments in HEK293 as well as iPSC cell lines. Parameters involving HDR 

efficiency, off-target modification rate, cell viability, repair accuracy and sequencing validation evaluation scores 

were evaluated to assess the efficacy of engineered DNA repair pathways. Data were obtained by Next-Generation 

Sequencing (NGS), fluorescence assays and molecular validation methods within laboratory controlled conditions. 

Statistical analysis occurred to assess the editing precision, genomic stability and reliability of the engineered repair 

technique [19][18]. 

 

Table 2. Experimental Dataset Parameters 

Parameter Unit Purpose 

HDR Efficiency % Precise repair evaluation 

Off-Target Rate % Mutation assessment 

Cell Viability % Cytotoxicity analysis 

Repair Accuracy % Genome editing fidelity 

Sequencing Score Reads/sample Validation analysis 

Incubation Time Hours Editing kinetics study 

 

5. RESULTS & DISCUSSION 

The experimental results proved that the engineered DNA repair pathway modulation heavily encouraged the accuracy 

of therapeutic genome editing and genomic stability. Increased effectiveness of precise gene correction and 

suppression of non-homologous end joining (NHEJ) by enhanced homologous recombination-directed repair (HDR) 

reduced unintended mutations. Comparative studies with conventional CRISPR-Cas9 systems along with engineered 

repair systems showed significant improvements in editing fidelity, cell viability and repair accuracy. The results 

suggest that DNA repair engineering can be a therapeutic approach for more trustworthy and secure precision gene 

editing applications. 

 

5.1 Precision of Genome Editing 

The designed DNA repair system demonstrated significantly enhanced editing accuracy over standard CRISPR-Cas9 

editing. HDR efficiency rose from 28% to 70%, and off-target mutation frequency dropped substantially from 18% to 

6%. 

 

Table 3. Comparison of Genome Editing Outcomes 

Parameter Conventional CRISPR Engineered Repair System 

HDR Efficiency 28% 70% 

Off-Target Mutations 18% 6% 

Precise Gene Correction 35% 77% 

Cell Viability 82% 91% 

 

The data presented in Table 3 show that engineering DNA repair pathways is an effective way to improve genome 

editing outcomes. This greatly improved accurate therapeutic gene correction through increased HDR activity. 

Inhibition of NHEJ pathways diminished off-target genomic changes. The increased cell viability also indicated 

reduced cellular stress and improved genomic integrity throughout editing processes. 
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Figure 2. HDR Efficiency and Off-Target Reduction Following DNA Repair Engineering 

 

Figure 2 compares the efficiency of conventional CRISPR editing as well as engineered DNA repair systems. The 

engineered system showed substantially improved HDR-mediated accurate editing and reduced off-target mutation 

rates. These findings indicate enhanced editing fidelity and increased therapeutic safety via modulation of repair 

pathways. 

 

5.2 Analysis of Genomic Stability 

The engineered editing the genome system was stable for repeated rounds of editing, preserving genomic integrity. 

DNA damage signaling was attenuated in cells subjected to repair pathway modulation strategies, with little 

chromosomal instability. 

 

Table 4. Genomic Stability Markers after Genome Editing 

Marker Conventional Editing Engineered Repair 

DNA Damage Signal High Low 

Chromosomal Instability Moderate Minimal 

Apoptosis Rate 14% 5% 

Repair Accuracy 62% 89% 

 

Engineered repair transmission enhanced genomic stability along with reduced cytotoxicity (Table 4). Reduced 

apoptosis and improved repair fidelity imply that modified HDR conditions prevented accumulation of DNA damage 

and preserved chromosome integrity throughout therapeutic editing. 

 

 
Figure 3. DNA Repair Accuracy Under Engineered HDR Conditions 

 

Figure 3 Repair efficiency of engineered HDR systems over multiple rounds of editing The graph indicates constant 

and stable repair fidelity in engineered settings, which may imply decreased cumulative genomic instability. The 



 
Genetics and Molecular Research 25 (3s): 2026                        6 

sustained performance of the repair highlights the therapeutic applicability of DNA repair pathway engineering 

strategies over the long-term. 

 

5.3 DISCUSSIONS 

Our results demonstrate that science and technology DNA repair pathways significantly enhances the precision of 

therapeutic genome editing and its genomic safety. The enhancement of homology by RAD51 and reduction of NHEJ 

associated proteins led to improved HDR efficiency and decreased mutagenesis. Compared with conventional 

CRISPR–Cas9 system, the engineered method exhibited higher repair accuracy and lower off-target mutation 

frequency and higher cell survival. 

The combination of repair pathway modification with next-generation editing technologies including prime editing, 

base editing and AI-assisted guide RNA optimization could increase therapeutic efficiency and precision. 

Furthermore, the increased DNA stability in the engineered systems indicates their potential application in the 

treatment of inherited genetic disorders as well as cancer-associated mutations. 

However, further studies are required on shipment efficiency, immune responses, long-term genetic safety, and ethical 

issues associated with therapeutic genome modification prior clinical application. Future work should be directed 

towards in vivo validation, nanoparticle-driven delivery systems and large-scale therapeutic evaluation of safety for 

precision medicine purposes. 

 

6. CONCLUSION AND FUTURE WORK 

The present study showed that engineering DNA repair processes greatly enhances the precision, efficiency and safety 

of conventional therapeutic genome editing systems. Development of homologous recombination-mediated repair 

(HDR) and inhibition of non-homologous end joining (NHEJ) effectively promoted precise gene correction with 

reduced off-target mutations and genomic disorder. The engineered repair modulation strategies including RAD51 

amplification, DNA-PK inhibition and CtIP activation led to enhanced editing fidelity and better cellular viability. 

These results underscore the great potential of maintenance pathway engineering for the treatment of inherited genetic 

conditions, cancer-associated mutations as well as various precision medicine applications. The engineered approach 

showed superior performance compared to the conventional CRISPR-Cas9 systems in terms of therapeutic efficacy 

and genomic stability. 

Future studies should be directed toward the integration of advanced technologies including AI-assisted guide RNA 

enhancement, CRISPR prime editing, base editing, as well as nanoparticle-mediated delivery systems in order to 

further improve coding specificity as well as therapeutic efficiency. Large clinical confirmation tests and long-term 

genomic safety studies will be required before clinical implementation. Moreover, the development of bio safety 

regulations, ethical guidelines and standard therapeutic protocols will be essential for the safe and effective a 

translation of engineered genetic editing tools into clinical practice. 
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