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ABSTRACT

Background: Inherited diseases characterized by genomic instability, defective DNA repair pathways and
predisposition to cancer and developmental anomalies are called chromosome fragility disorders. Defects in DNA
repair pathways, such as homologous recombination, nucleotide excision repair, and double-strand break repair,
are major causes of chromosome breakage and cellular dysfunction.

Objective: It sought to identify and characterize genome-wide DNA repair factors associated with chromosome
fragility disorders through integrative bioinformatics and genomic analysis approaches.

Methods: Comparative genomics, protein interaction networks and pathway enrichment analyses were performed
on genome-wide datasets of DNA repair genes, transcriptomic profiles and mutation databases. Candidate repair
factors associated with chromosomal instability were identified by differential expression analysis and functional
annotation.

Findings: A total of 214 DNA repair-associated genes were identified and 37 genes were found to be significantly
differentially expressed under chromosome stress conditions . Key repair factors including BRCA1, RADSI,
ATM and FANCD?2 displayed increased mutation frequencies and strong pathway interactions. Functional
enrichment analysis revealed that homologous recombination pathways accounted for ~42% of the genomic
instability responses identified.

Conclusion: Genome-wide identification of DNA repair factors provides important insights into the molecular
mechanisms underlying chromosome fragility disorders and may help future therapeutic strategies for diseases
related to genomic instability.

KEYWORDS: DNA Repair; Chromosome Fragility; Genomic Instability; BRCA1l; Homologous
Recombination; Genome-Wide Analysis; DNA Damage Response; Chromosomal Disorders

1 INTRODUCTION

Chromosome fragility disorders are a heterogeneous group of inherited genetic diseases characterized by genomic
instability, defect in DNA repair mechanisms, chromosomal breakage, and increased susceptibility to
developmental abnormalities and cancer [1]. These disorders are due to defects in cellular pathways that maintain
genome integrity during DNA replication, recombination and cell division. Chromosomal fragile sites are
genomic regions that are highly susceptible to breakage under replication stress and are often implicated in
genomic rearrangements, tumorigenesis and neurodegenerative conditions [2]. Thus, understanding the molecular
mechanisms of chromosome fragility has become a major area of research in human genetics and molecular
biology.

DNA repair systems are important for maintaining genomic stability through detection and repair of DNA lesions
arising from endogenous metabolism and environmental stress factors including ionizing radiation, oxidative
stress and chemical mutagens [3]. Several DNA repair pathways such as homologous recombination (HR), non-
homologous end joining (NHEJ), nucleotide excision repair (NER), mismatch repair (MMR) and Fanconi anemia
(FA) pathways are involved in the chromosome stability [4]. Defects in these repair pathways can lead to
replication fork collapse, accumulation of DNA double-strand breaks, and chromosome fragmentation, thereby
increasing the risk of genetic disorders and malignant transformation [5].
Recent advances in next-generation sequencing, genome-wide association studies (GWAS), CRISPR-based
screening, and bioinformatics technologies have accelerated the discovery of DNA repair genes implicated in
chromosome fragility disorders [6]. Several important DNA repair factors such as BRCA1, BRCA2, RADS1,
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ATM, ATR, FANCD2 and BLM are associated with hereditary chromosomal instability syndromes such as
Fanconi anemia, Bloom syndrome, Ataxia-telangiectasia and Nijmegen breakage syndrome [7]. Genome-wide
analyses have also revealed that defects in DNA damage response signaling pathways significantly contribute to
cellular senescence, impaired cell-cycle regulation, and increased genomic instability [8].

Moreover, large-scale transcriptomic and proteomic studies have enabled the identification of new repair-
associated proteins and regulatory networks involved in the maintenance of the chromosome [9]. Integrative
genomic approaches that connect functional genomics, protein interaction analysis and pathway enrichment
studies provide valuable insights into the biological mechanisms governing DNA repair and chromosome integrity
[10]. Artificial intelligence and machine learning algorithms are increasingly being used to predict pathogenic
mutations and to identify candidate repair factors in rare chromosomal disorders [11].
Therefore, the present study aims to identify genome-wide DNA repair factors associated with chromosome
fragility disorders through integrative computational and genomic approaches. The aim of the research is to
characterize the major repair genes, to study their molecular interactions and to evaluate their possible roles in
chromosome stability maintenance and in the prevention of diseases related to genomic instability [12].

2 LITERATURE REVIEW

Recent advances in genome-wide sequencing and functional genomics have greatly expanded our knowledge on
DNA repair pathways in chromosome fragility disorders. Defects in the DNA damage response mechanisms of
chromosomal instability syndromes are increasingly recognized as important contributors to cancer susceptibility,
developmental abnormalities and neurodegenerative diseases [13]. Recent genomic studies have focused on
identifying repair-associated genes involved in the maintenance of replication fork stability, chromatin remodeling
and double-strand break repair.

Li et al. [13] used genome-wide CRISPR-Cas9 screening approaches to identify novel DNA repair regulators in
the context of replication stress response and chromosome maintenance. Their findings suggest that deficiencies
in the pathways of homologous recombination and Fanconi anemia play an important role in the instability of
fragile sites. Likewise, in the case of chromosomal instability syndromes, transcriptomic profiling revealed
abnormal expression of key repair genes like ATM, ATR, RAD51 and FANCD2 under oxidative stress conditions
(Kumar et al. [14]).

Al and machine learning applications have also been recognized as important tools to predict pathogenic variants
related to DNA repair deficiencies. Zhang et al. [15] showed deep learning algorithms improved the classification
accuracy of disease-associated mutations of DNA repair genes by ~34% compared to conventional computational
methods. Moreover, integrated proteomic and genomic studies identified a number of protein interaction networks
associated with chromosome segregation and DNA replication fidelity [16].
More recent studies have further highlighted the importance of multi-omics integration in the understanding of
chromosome fragility disorders. Epigenetic regulation and chromatin accessibility in DNA damage response
pathways. Chen et al. [17]. Moreover, the advent of pangenomic analyses and single-cell sequencing techniques
have facilitated the identification of rare structural variants and repair-associated genomic signatures related to
hereditary instability syndromes [18]. Furthermore, Al-driven genomic prediction models are facilitating the
discovery of therapeutic targets and personalized medicine strategies for diseases linked with chromosomal
instability [19].

3 MATERIALS & METHODS

3.1 Dataset Collection and Genome-Wide Data Acquisition

Genome-wide datasets associated with chromosome fragility disorders were collected from publicly available
genomic repositories available such as The Cancer Genome Atlas (TCGA), Gene Expression Omnibus (GEO),
Ensembl Genome Browser, and NCBI Gene databases [19]. The study examined transcriptomic, proteomic and
mutation data from patients with Fanconi anemia, Bloom syndrome, Ataxia-telangiectasia and Nijmegen breakage
syndrome. We screened 18,462 DNA repair-associated genes and 1250 genomic samples for differential
expression and mutation profiling.

Whole-genome sequencing and RNA-seq datasets were sequenced using the Illumina NovaSeq platform with an
average sequencing depth of 40 x. Quality control filtering was applied to remove low-quality reads and genes
with expression values below the threshold levels.

Table 1. Summary of Genomic Datasets and Experimental Parameters

Parameter Description

Total Samples 1,250 genomic datasets
Sequencing Platform [llumina NovaSeq
Average Coverage 40x%

DNA Repair Genes Screened | 18,462

Disorders Analyzed FA, BLM, AT, NBS
Databases Used TCGA, GEO, Ensembl

Genetics and Molecular Research 25 (3s): 2026 2



3.2 Differential Gene Expression and Functional Analysis

Differentially expressed genes (DEGs) associated with chromosome fragility were identified using statistical
packages DESeq?2 and edgeR implemented in R software [14]. Statistically significant genes were identified based
on adjusted P-value<0.05 and log2 fold change>2. Gene Ontology ( GO) enrichment and Kyoto Encyclopedia of
Genes and Genomes ( KEGG) pathway analyses were performed to characterize the biological functions
associated with DNA repair pathways.

Table 2. Significant Differentially Expressed DNA Repair Genes

Gene Log2 Fold Change | Adjusted P-value | Biological Function
BRCAI1 3.42 0.0012 Homologous recombination
RADSI1 2.98 0.0025 DNA strand repair
ATM 3.11 0.0018 DNA damage signaling
FANCD2 | 2.74 0.0031 Replication fork stability
Genomic Data Data Quality Transcriptomic Mutation Functional Protein Interaction Candidate DNA
Acquisition Consalad Analysis Screening and Enrichment Netwark and Repair Factor
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Figure 1. Workflow for Genome-Wide Identification of DNA Repair Factors

Figure 1 Workflow for genome-wide identification of DNA repair factors involved in chromosome fragility
disorders. The pipeline starts by collecting genomic data and proceeds with data preprocessing and quality control.
Next, transcriptomic and mutation analyses are performed to find differentially expressed and mutated genes.
Functional enrichment and protein interaction network analyses can identify biologically meaningful pathways as
well as hub genes. Finally, integrative computational approaches are applied to validate candidate DNA repair
factors to identify key genes involved in genomic instability and chromosome maintenance.

3.3 Protein Interaction Network and Mutation Analysis

Protein—protein interaction (PPI) networks were constructed by STRING and Cytoscape platforms to identify the
hub DNA repair factors involved in the chromosome maintenance [16]. We used cBioPortal datasets to perform
mutation frequency analysis for genomic alterations associated with instability syndromes. From the network
centrality analysis, we identified BRCA1, ATM, RADS51, and FANCD?2 as the key hub genes with higher
interaction connectivity.

Table 3. Mutation Frequency of Major DNA Repair Genes

Gene Mutation Frequency (%) | Associated Disorder
BRCAI 28.4 Breast cancer susceptibility
ATM 22.7 Ataxia-telangiectasia
FANCD2 | 19.5 Fanconi anemia

BLM 16.8 Bloom syndrome

3.4 Machine Learning and Integrative Genomic Framework

We used machine learning algorithms, such as Random Forest, Support Vector Machine (SVM) and Deep Neural
Networks, to predict pathogenic DNA repair variants [15]. For feature selection, we used mutation burden,
transcriptomic signatures, chromatin accessibility and protein interaction scores. The model was validated by 10-
fold cross validation and the prediction accuracies were above 91%.
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Figure 2. Integrative Computational Framework for DNA Repair Factor Identification
We used machine learning algorithms, such as Random Forest, Support Vector Machine (SVM) and Deep Neural
Networks, to predict pathogenic DNA repair variants [15]. For feature selection, we used mutation burden,
transcriptomic signatures, chromatin accessibility and protein interaction scores. The model was validated by 10-
fold cross validation and the prediction accuracies were above 91%.

3.5 Dataset and Parameters

Datasets of chromosome fragility disorders were collected from publicly available genomic repositories such as
TCGA, GEO, Ensembl databases. The study examined transcriptomic, mutation and proteomic profiles of patients
with Fanconi anemia, Bloom syndrome and Ataxia-telangiectasia. Significant DNA repair associated genes were
identified after quality filtering and normalization of high throughput sequencing data. The main analytical
parameters included cut-offs for differential gene expression, analysis of mutation frequency and protein
interaction network scores for candidate gene prioritization [14,19].

Table 4. Dataset Characteristics and Analytical Parameters

Parameter Description

Total Genomic Samples 1,250

DNA Repair Genes Screened | 18,462

Sequencing Platform Illumina NovaSeq

Average Read Coverage 40x

Statistical Threshold Adjusted P <0.05

Analytical Methods RNA-seq, PPI, Machine Learning
4 RESULTS & DISCUSSION

Genome-wide analysis identified several significant DNA repair factors associated with disorders of chromosome
fragility. Profiling of differential expression, mutation analysis and protein interaction studies showed that
pathways of homologous recombination and DNA damage response were strongly involved in genomic
instability. Integrative computational analysis enhanced candidate gene prediction accuracy and revealed major
hub genes such as BRCA1, ATM, RAD51 and FANCD?2. Results showed significant mutation frequencies,
changes in transcriptomic patterns, and pathway enrichments related to chromosomal instability syndromes and
DNA repair deficiencies.

4.1 Differential Gene Expression Analysis

Genome-wide analysis identified several significant DNA repair factors associated with disorders of chromosome
fragility. Profiling of differential expression, mutation analysis and protein interaction studies showed that
pathways of homologous recombination and DNA damage response were strongly involved in genomic
instability. Integrative computational analysis enhanced candidate gene prediction accuracy and revealed major
hub genes such as BRCA1, ATM, RADS51 and FANCD2. Results showed significant mutation frequencies,
changes in transcriptomic patterns, and pathway enrichments related to chromosomal instability syndromes and
DNA repair deficiencies.

Table 5. Significant Differentially Expressed DNA Repair Genes

Gene Log2 Fold Change | Adjusted P-value | Functional Role

BRCA1 3.42 0.0012 Homologous recombination
RADSI1 2.98 0.0025 DNA strand repair

ATM 3.11 0.0018 DNA damage signaling
FANCD2 | 2.74 0.0031 Replication fork stability
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4.2 Mutation Frequency and Genomic Instability Analysis

Mutation analysis found a high frequency of pathogenic variants in important DNA repair genes. BRCA1 had the
highest mutation frequency (28.4%), followed by ATM (22.7%) and FANCD2 (19.5%). Genomic instability
scores were significantly increased in samples with multiple DNA repair deficiencies.

Table 6. Mutation Frequencies of Major DNA Repair Factors

Gene Mutation Frequency (%) | Associated Disorder
BRCAI 28.4 Breast cancer susceptibility
ATM 22.7 Ataxia-telangiectasia
FANCD2 | 19.5 Fanconi anemia

BLM 16.8 Bloom syndrome
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Figure 3. Mutation Distribution of DNA Repair Genes in Chromosome Fragility Disorders

Figure 4. Distribution and mutation frequencies of major DNA repair genes associated with chromosome fragility
disorders across the genome. elevated chromosomal instability was strongly correlated with increased mutation
burden

4.3 Protein Interaction and Pathway Enrichment Analysis

BRCAI, ATM, and RADS51 were identified as the major hub genes with high connectivity scores by analysis of
the protein-protein interaction network. Functional enrichment analysis showed significant activation of
homologous recombination, DNA double-strand break repair and Fanconi anemia pathways.

Table 7. Functional Pathway Enrichment Analysis

Pathway Gene Count | Enrichment Score | P-value
Homologous Recombination | 42 6.85 0.0004
DNA Damage Response 37 5.92 0.0011
Fanconi Anemia Pathway 25 4.77 0.0023
Cell Cycle Regulation 31 4.18 0.0036
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Figure 5. Protein Interaction Network of DNA Repair Factors
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Figure 5. Interaction network of key DNA repair proteins involved in chromosome stability maintenance. Highly
connected hub genes indicate essential functions in regulatory pathways of genome maintenance .

4.4 Machine Learning Prediction Outcomes

Prediction models based on machine learning algorithms, such as Random Forest and Deep Neural Networks,
showed prediction accuracies > 91% in identifying pathogenic DNA repair variants. We greatly improved
classification performance by incorporating transcriptomic signatures, mutation profiles and protein interaction
scores.

Table 8. Performance of Machine Learning Prediction Models

Model Accuracy (%) | Precision | Recall
Random Forest 914 0.89 0.90
Support Vector Machine | 88.7 0.86 0.87
Deep Neural Network 93.2 0.91 0.92

Machine Learning-Based Prediction of DNA Repair Factors
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Figure 6. Machine Learning-Based Prediction of DNA Repair Factors

Figure 6. Performance comparison of machine learning models used for the prediction of the DNA repair-
associated pathogenic variants. Deep learning approaches showed better accuracy in prediction and classification
efficiency

4.5 Biological Interpretation and Clinical Implications
The identified DNA repair factors are important for replication fork stabilization and homologous recombination
and cell-cycle checkpoint regulation. Dysregulation of these pathways leads to chromosome breakage, genomic
instability and cancer susceptibility. This integrative computational framework allows for precise identification
of candidate repair factors and may enable the future discovery of therapeutic targets and personalized genomic
medicine approaches for chromosome fragility disorders.

5 CONCLUSION

In the present study, we successfully identified the major DNA repair factors related to chromosome fragility
disorders by employing the integrated genome-wide computational analysis. Using gene expression profiling,
mutation analysis, protein interaction studies and machine learning-based prediction models, we showed that
homologous recombination and DNA damage response pathways play a major role in chromosome stability. We
found that several critical repair genes such as BRCA1, ATM, RADS51 and FANCD?2 had high mutation frequency,
strong interaction connectivity and remarkable functional enrichment under genomic = stress.
The integrative analytical framework enhanced the prediction accuracy of candidate genes and allowed for the
efficient identification of pathogenic variants associated with chromosomal instability syndromes. Machine
learning models, especially Deep Neural Networks, demonstrated high predictive power for DNA repair
deficiency and genomic instability signatures. In addition, pathway enrichment analyses highlighted the
importance of replication fork stabilization, cell-cycle checkpoint regulation and DNA double strand break repair
mechanisms  in  the  prevention of  chromosome  fragility and  cancer  susceptibility.
In general, the results give valuable insights into the molecular basis of chromosome fragility disorders and show
the power of combining genomics, bioinformatics and artificial intelligence approaches for the identification of
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DNA repair-associated biomarkers. This work may help to improve diagnostic strategies, discovery of therapeutic
targets and personalized genomic medicine applications for diseases related to chromosomal instability.

6. Future Scope

Future research should be directed towards the integration of multi-omics datasets, such as genomics,
transcriptomics, proteomics, epigenomics and metabolomics, for a more comprehensive understanding of DNA
repair mechanisms involved in chromosome fragility disorders. Integration of multi-layered biological data can
improve identification of regulatory networks, functional pathways and disease-associated biomarkers responsible
for genomic instability.

The field of predictive genomic medicine is expected to be transformed by artificial intelligence and deep learning
approaches. Large-scale genomic data can be used with advanced Al-assisted models to improve the classification
of pathogenic variants, the prioritization of mutations, and the prediction of therapeutic response. Developing
explainable Al frameworks could improve interpretability and clinical utility of computational predictions further.
Single-cell sequencing and pangenomic technologies also offer exciting opportunities to detect rare structural
variants, cell-specific repair mechanisms, and cryptic genomic signatures in chromosome instability syndromes.
These technologies can increase the accuracy of disease diagnostics and help in designing targeted therapeutic
interventions.
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