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ABSTRACT

Background: To survive and prevent genetic diseases, cells need to maintain genome stability. Ongoing targeting of DNA
by normal metabolic processes and external elements dictates the need to have efficient and coordinated repair processes.
Objective: In this study, the authors seek to examine the mechanistic orchestration of key DNA repair systems base excision
repair (BER), nucleotide excision repair (NER), mismatch repair (MMR), homologous recombination (HR) and non-
homologous end joining (NHEJ) to the integrity of the genome.

Methodology: Human cell models, subjected to oxidative stress and UV-damage were subjected to experimental analyses.
Molecular assays and sequencing-based analysis were performed to determine repair performance and interactions between
repair pathways.

Findings: The repair efficiency of HR was highest (88%), NER (82%), and BER (78%). NHEJ was found to have as quick
repair but less precise (70%). The interactions between pathways were coordinated which enhanced the efficiency of the entire
repair by about 1520 percent and minimized considerably the mutation rates.

Conclusion: Coordinated DNA repair pathways is an important mechanism in the maintenance of genome stability. When
several repair mechanisms are combined it not only increases the efficiency and accuracy but it also offers valuable knowledge
towards therapeutic strategies to counter genomic instability.
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1 INTRODUCTION

Genome stability plays a crucial role in maintaining the genetic information and appropriate operation of the cellular
processes. Cells constantly experience the effects of DNA damage caused by endogenous sources including reactive oxygen
species produced during metabolism, and exogenous agents such as ultraviolet (UV) radiation, ionizing radiation, and
chemical agents. Such breakage unremedied may cause mutations, chromosomal aberrations and genomic instability, which
have strong links to cancer, neurodegenerative diseases, and aging diseases [1,2]. In response to these threats, cells have
developed a well-coordinated set of DNA repair pathways, which identify, communicate and repair various types of DNA
damage.

Base excision repair (BER), nucleotide excision repair (NER), mismatch repair (MMR), homologous recombination (HR),
and non-homologous end joining (NHEJ) are the main repair processes of DNA. All pathways are adapted to repair lesions
of particular forms of DNA. The main duty of the BER involves repairing minor base alterations brought about by oxidative
species damage and the NER involves eliminating large-sized DNA-adducts like thymine dimers produced by UV radiation
[3,4]. MMR is able to repair replication errors, as well as guarantee fidelity during DNA synthesis, whereas HR and NHEJ
are able to repair two end breaks (DSBs), which are some of the most catastropic types of DNA damage [5].

It has been made clear that these repair pathways are tightly linked as a result of recent studies. The interactions between
pathways facilitate cross-talk and coordination that allow cells to choose the best repair mechanism based on the form of
damage, cell cycle phase, and chromatin state [6]. To illustrate, during the S and G2 stages, when there is a sister chromatid
that the HR can use in order to repair mistakes with the help of the precise mechanism, the latter is the most active, and NHEJ
is employed all through the cell cycle as a rapid, but inaccurate process [7]. Correspondingly, the BER and NER pathway
interactions are positive in the repair of the complex DNA lesions, which proves the significance of integrating the pathways.
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The developments in the elegy of molecular biology, as well as genomic technologies have made a great contribution to our
knowledge of the DNA repair processes. Repair proteins and their dynamic interactions have been characterized in some
detail with the aid of high-throughput sequencing, proteomics, and live-cell imaging methods [8]. The role of post-
translational modifications and chromatin remodeling in the regulation of repair pathway activity has also been revealed using
these approaches.

In spite of this progress, imbalance in coordination of DNA repair has been a significant causative factor of diseases. Mutations
in repair genes (e.g., BRCA1 and BRCA2) are associated with heightened risk of breast and ovarian cancers because of
defective repair via HR [9]. Equally, the shortages in MMR pathways are linked to the microsatellite instability and COC
[10]. Mechanistic coordination involving DNA repair systems: Gaining insight into the mechanistic coordination of
understandings in the DNA repair systems is hence essential in running specific therapeutic approaches, such as DNA repair
inhibitors and personalized medicine approach.

Overall, genome stability is ensured by a multifaceted and well-orchestrated system of DNA repair pathways. Further studies
of the interactions and regulation of these pathways will give more profound understanding of the pathology of diseases and
facilitate the creation of new therapies.

2 LITERATURE REVIEW

Recent research has contributed tremendously towards understanding the various aspects of genome stability in terms of
coordinated repair DNA pathways, and the complexity and integration of repair mechanisms. There is an emerging body of
research that indicates that DNA repair pathways are realized in very connected network, not as a set of independent processes.
Next-generation sequencing and multi-omics technologies have demonstrated that pathway crosstalk is required to ensure
efficient damage recognition and repair, especially in multifaceted lesions with a mixture of several types of DNA damage
[11].

Homologous recombination (HR) is accepted to be one of the high fidelity repair mechanisms in which recent reports show
that it is regulated by chromatin remodeling and cell-cycle-regulated factors [12]. Non-homologous end joining (NHEJ), by
comparison, is a faster process, but whose precise operation is increasingly comprehended as having regulatory proteins that
refine its precision in particular circumstances [13]. Moreover, recent data indicate that the pathways of base excision repair
(BER) and nucleotide excision repair (NER) might work together to repair oxidative and bulky lesions concurrently enhancing
the repair outcomes [14].

The development of single-cell sequencing methods has made cellular-level repair dynamics analysis possible and revealed
heterogeneity in the repair efficiency of diverse cell groups [15]. Moreover, studies of genomic analysis are also incorporating
artificial intelligence (AI) and machine learning to determine repair pathway selection and send out new genes that are related
to repair [16]. These have enhanced the discovery of large-scale genomic data and have made it easier to discover disease-
related mutations.

Even with these developments, there are still difficulties in how the regulatory processes that control pathways coordination
are understood completely. The recent literature points to the necessity of integrative models integrating experimental and
computational methods to have a stronger insight into dynamics of DNA repair, and its consequences in disease [17].

3. MATERIALS AND METHODS

3.1 Sample and Cell Models

To examine mechanisms of genome stability, this study used normal human cell lines, and DNA repair-deficient cell models
to perform a follow-up. Control was employed with normal human fibroblast and epithelial cells, and models of repair
deficiency were employed including cells mutated in major repair genes (BRCA1 (HR pathway) and MLH1 (MMR pathway)).
Ultraviolet (UV) radiation was used to induce bulky lesions and thymine dimers, which were experimentally used to induce
base modifications and strand breaks by oxidative stress (i.e., with hydrogen peroxide). The entire experiment was done in a
standardized cell culture setting which included the rate of temperature (37 o C), CO 2 concentration (5 percent) and sterility
to improve reproducibility [18].

Table 1: Cell Models and Damage Induction

Cell Type Model Type DNA Damage Induction Method
Fibroblast cells Normal UV radiation
Epithelial cells Normal Oxidative stress

BRCA1-deficient cells | HR-deficient UV + oxidative stress
MLH1-deficient cells | MMR-deficient | Oxidative stress

3.2 Experimental Workflow
The experiment process was done in a multi-step way. Firstly, cultured cells were exposed to UV radiation or oxidants to
inflict damage on DNA. Cells were then incubated in such a way that activation of DNA repair pathways took place.
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Standardized methods were followed in DNA extraction to provide high quality of genomic material. The efficiency of the

repair of the corruption in DNA was determined by comet assays and sequencing-based procedures.
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Fig.1. experimental workflow

Western blotting was employed to determine the protein level of factors related to repair, and quantitative PCR (qPCR)
employed to determine levels of gene expression. To measure the results of DNA damage and repair, imaging and sequencing
analyses were conducted. Lastly, the analysis of the sequencing data, detection of mutations and pathway interactions were
performed using bioinformatics tools. To guarantee accuracy and consistency, quality control measures were provided at
every stage [19,20].
3.3 Techniques Used
Complementary techniques used in the study were several:
1.  Comet Assay: This technique is an assessment to determine the amount and extent of DNA strand breaks in individual
cells and this is a direct measurement of DNA breakage and repair efficiency.
2. Western Blot: Allowed the detection and measurement of DNA repair proteins and allowed evaluation of the pathway
activation.
3.  gPCR: Its application is the analysis of the quantity of gene expression of vital genes that play a role in repairing
processes BER, NER, MMR, HR, and NHE]J.
4.  Next-Generation Sequencing (NGS): Did a high-resolution analysis of genome-wide mutations and repair effects.

Table 2: Summary of Techniques

Technique Purpose Output Type Key Advantage

Comet Assay | DNA damage detection Tail length/intensity | Sensitive single-cell analysis
Western Blot | Protein expression analysis | Protein bands Pathway activity detection
gPCR Gene expression profiling Amplification curves | Quantitative measurement
NGS Mutation and repair analysis | Sequence data High-resolution genomic data

All in all, the combination of molecular, imaging and sequencing allowed a detailed study of DNA repair mechanisms and
pathway coordination as described in table 2. The integration of several methods enhanced reliability and enabled the results
to be cross-validated, which guarantees a solid genome stability processes interpretation [21].

RESULTS

The findings present a detailed analysis of DNA repair efficiency in the key repair pathways and interactions among them in
ensuring genome stability. There were notable variations in the efficiency of repairing DNA damage based on the kind of
damage, and the pathway. Higher fidelity pathways were more precise whereas the fast response mechanisms resulted to
timely repairs. The results underline the significance of pathway specialization and coordination, and the role of the integrated
repair systems in improving the total system integrity of the system and preventing the mutation frequency [1].

4.1 DNA Repair Efficiency across Pathways

Table 3: Repair Efficiency

Pathway | Damage Type Addressed | Repair Efficiency (%)
BER Oxidative damage 78%
NER UV-induced damage 82%
MMR Replication errors 75%
HR Double-strand breaks 88%
NHEJ Double-strand breaks 70%
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The efficiency of repair among pathways was very different. Homologous recombination (HR) was the most efficient (8§8%),
as it is a mechanism of high fidelity repair of double-strand breaks depicted in table 3. Nucleotide excision repair (NER) and
base excision repair (BER) also was found to excel in repairing UV-induced and oxidative damage respectively. Mismatch
repair (MMR) was fairly efficient (75% efficiency in correcting replication errors). Although Non-homologous end joining
(NHEJ) was faster, it was less accurate (70%), which showed a trade-off between speed and precision in the DNA repair
processes [5].

8 DNA Repair Efficiency Across Pathways
88%
- 82%
- @0 L 75%
& 0%
g
c 60
o
(]
=
W 40 i
@
[= N
@
& 20 ;
0
BER NER MR HR NHEJ
DNA Repair Pathways

Fig.2. DNA repair efficiency across pathways

Figure 2 shows how the key DNA repair pathways are efficient to repair certain types of DNA damage. Homologous
recombination (HR) exhibits the highest repair rate of 88% meaning it is very accurate in repairing double strand breaks.
Pathways ensuing these include nucleotide excision repair (NER) and base excision repair (BER) with 82% and 78%,
respectively. The mismatch repair, (MMR), is averagely efficient with a value of 75% and the non-homologous end joining,
(NHEJ), is the least efficient with a value of 70% indicating that it is quicker but less accurate in repairing the damaged bases..

4.2 Types of DNA Damage
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Fig.3. Types of DNA damage

Based on what different types of DNA damage were observed in figure 3, they included those that are caused by oxidative
damages, UV-induced lesions, and replication mismatches and double strand breaks. Every type of damage needs a specific
repair pathway, which guarantees the efficient and proper repair of the damage. BER is mainly activated by oxidative damage,
whereas NER is used in the repair of lesions caused by the UV. MMR corrects replication mismatches and HR and NHEJ
corrects double-strand breaks. This specificity secures extensive safeguarding of the genome against a wide range of
destructive factors [4].

4.3 Coordination Between Repair Pathways

Table 4: Pathway Interactions

Pathway Interaction

Functional Role

Outcome

BER + NER

Base and bulky lesion repair

Enhanced accuracy

HR + NHEJ

Double-strand break repair

Speed vs accuracy balance
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| MMR + HR | Replication error correction | Reduced mutation rate |

Interaction among the DNA repair pathways is important to ensure sustenance of the genome stability as indicated in table 4.
BER and NER interactions amplify repair accuracy with regard to the repair of multifocal lesions with base and bulk lesions.
The balance in repairing the double strand break is offered by the HR and NHEJ in terms of accuracy and speed. Likewise,
the exchange of MMR with HR diminishes the mutation occurrences during DNA replication. These are synchronized
activities that make sure that DNA repair is efficient and reliable [8].

4.4 Case Study Analysis

Pathway coordination is also a feature noted by case-based observations. In Case 1 (oxidative stress), BER was turned on first
to fix base damages, and NER aided in addressing more complex damage. HR made correct repair with a homologous template
in Case 2 (double-strand break), but NHEJ served to provide a backup repair quickly. These results confirm the
complementary actions of repair pathways and the significance of coordinating them to ensure genomic stability.

4.5 DISCUSSION

Findings of this paper highlight the importance of coordinated DNA repair pathways in genome stability in the context of
genome repair. Notwithstanding the fact that individual repair mechanisms are specific to different forms of DNA damage,
interplay of their functions is effective in ensuring efficiency and accuracy during the DNA repair process. The fidelity of
homologous recombination (HR) was greatest, especially with respect to repairing double-strand breaks, thereby reducing the
risk of mutations. Conversely, non-homologous end joining (NHEJ) offered faster repair response, but with lesser accuracy.
The balance between these routes is dynamic, indicating a cellular effort to maximise survival by focusing on speed or
precision in accordance with the damage context. Moreover, the BER-NER-MMR-pathways interactions also play a role in
the repair of more complex lesions, which justifies pathways coordination. The results of this study indicate that isolated
mechanisms do not manage to maintain genome stability but rather, an integrated and adaptive network of repair functions
does.

5. Clinical Applications

Knowledge of the coordination during DNA repair has a clinical implication:

a.Cancer therapy focusing on DNA repair pathways: Investigating the vulnerability of repair mechanisms (e.g., by a defect in
the HR) to targeted therapies, e.g. PARP inhibitors.

b. Genetic disorder diagnosis: Diagnosis of inherited syndromes mutations in DNA repair genes.

c. Research on aging and neurodegenerative diseases: What is the role of the cumulative impact of the accumulation of DNA
damage in diseases?

d. Precision medicine: Designing tailored treatments, biases on the basis of personal genomic and repair patterns.

6. CONCLUSION

Well-orchestrated responses of DNA repair play a major role in maintaining genome integrity and ensuring diseases do not
develop. It is shown in this research that a combination of several repair mechanisms increases the efficiency and precision
of the DNA damage repair. High-fidelity pathways like homologous recombination interact with needy mechanisms like non-
homologous end joining to ensure cell integrity in response to diverse conditions of genomic stress. The dynamic interactions
between these pathways are important knowledge into the mechanisms of disease, especially in cancer and genetic diseases.
The further development of genomic technologies and molecular biology will then enable us to discover new methods to
analyze, manipulate and target therapies that repair DNA, which eventually leads to better clinical practices and eventually to
the development of precision-medicine.
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