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BRCA Mutations in Breast Cancer Insights into Genetic Risk and Tailored Therapeutic Interventions


Abstract
BRCA1 and BRCA2 genes, on separate chromosomes, encode crucial multifunctional proteins that are important for correcting errors in DNA replication and cell division. The two genes work in tandem at different stages in the DNA damage response and for DNA repair and could be functionally distorted in cases of mutations. This paper aims to review the genetic risk associated with mutations in the BRCA genes while also examining courses of treatment for BRCA-associated tumours. Data was obtained from studied research found through reputable scholarly search engines like PubMed and Google Scholar as well as credible genomic libraries. Facts and findings were synthesized from both pre-clinical and clinical studies.  Inheritance of a mutation in one of the breast cancer susceptibility genes, BRCA1 or BRCA2 has been identified as the greatest risk for breast cancer. It contributes to 5–10% of diagnostic cases, conferring lifetime risks of 60–70% for BRCA1, and 50–60% risk for BRCA2 mutations. Mutations impair homologous recombination (HR) repair, leading to genomic instability due to leaks of Damaged DNA materials. aggressive tumour phenotypes, like triple-negative breast cancer (TNBC) in BRCA1 mutation and ER-positive luminal types for BRCA2 mutation are major examples. Genetic testing and advanced screening technologies like MRI can help in early diagnosis and predictive risk assessment. Thus far, treatments like PARP inhibitors, for tumour targeting and preventive surgeries have shown good results in reducing risk by up to 90%. However, access to testing and treatments are major limitations. Innovative gene editing technologies like CRISPR/Cas9 and integration of AI and machine learning tools are showing promising potentials in advancing treatment and risk assessment, necessitating further research. 
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1. Introduction
BRCA genes are tumour suppressor genes that play a protective role in maintaining genomic stability of cells. The Identification of BRCA genes (Breast Cancer Susceptibility Genes 1 and 2) has led to major changes in the treatment approach for women with altered genetic expression and predisposition to breast cancer. These clinical changes are widely seen in the genetic approach to identification of high-risk women during genetic screening [1]. The medical and surgical options offered to such high-risk women is still very much conventional. Ultimately, continued understanding of the pathways in which BRCA1 and how they function and BRCA2 may play a part in the normal physiology of breast cells and in breast tumorigenesis can contribute to therapeutic interventions for women at risk [2]. 
Breast cancer is one of the most common forms of cancer accounting for 11.7% of all cases of reported cancer cases in 2020. Mutations in BRCA1 together with mutations in BRCA2 account for the great majority of hereditary susceptibility to breast cancer. In separate cases, studies suggest that BRCA1 mutations can present up to 35-70% lifetime risk of breast cancer, while BRCA2 mutations have a 10-30% lifetime risk [3]. The BRCA proteins have the capability to act as a repair guide and fix DNA double-strand breaks, correct halted replication forks, and fix DNA cross-links in association with protein kinases like ataxia telangiectasia and Rad3 related (ATR). BRCA1 and BRCA2 proteins are involved in control of homologous recombination (HR) and double-strand break repair in response to DNA damage [1-3].
Extensive research has also been conducted on the role of BRCA gene in DSB repair. BRCA1 and BRCA2 gene has been shown to function in transcriptional regulation through direct interaction with some sequence-specific transcription factors. Chromatin remodelling is also a function that has been attributed.
Other rare breast cancer genes aside from the BRCA1 and BRCA2 have been studied. However, BRCA1/2 represent the highest predisposing susceptibility to breast cancer. Compared to genes like the TP53, PTEN, PALB2, CHEK2, and STK11 have been shown to contribute to a person’s risk of breast cancer [4,5].
Oncogenesis in individuals with germline BRCA mutations requires somatic inactivation of the remaining wild-type allele, suggesting that the BRCA genes are tumour suppressors. The breast cancer phenotypes associated with mutations in BRCA1 and BRCA2 are similar. Although still largely controversial, very recent genetic epidemiological studies indicate that BRCA1 mutation carriers have a lifetime risk of breast cancer that is greater than 80% [6]. Conversely, the ultimate lifetime risk of breast cancer for BRCA2 mutation carriers is between 55% and 69%. However, a later age of disease onset has been documented for BRCA2 mutation carriers.
BRCA gene mutations increase the risk of other cancers, including ovarian, prostate, and pancreatic cancers, in both men and women.  These mutations can be inherited, about one in 400, or 0.25% of the population carry a mutated BRCA1 or BRCA2 genes [6,7]. The most common types of mutation are small insertion/deletion frameshift, nonsynonymous truncation, and disruption of splice site leading to entire nonfunctional BRCA proteins. In addition to breast cancer, women with BRCA1 mutations have an increased risk of ovarian cancer and, to a much lesser extent, males have an increased risk of prostate cancer [8]. 
The genetic parallels in BRCA1 and BRCA2 phenotypes suggest a commonness of function. Biochemical, genetic and cytological studies have revealed multiple functions for BRCA1 and BRCA2. Common genetic alterations in the BRACA genes are associated with heterozygous BRCA1 or BRCA2 mutations, and these include loss of TP53 (which encodes p53), loss of the wild-type BRCA1 or BRCA2 allele (LOH), and loss of ATM or CHK2 function. Alterations of the BRCA proteins may allow cells to bypass checkpoint controls and evade apoptosis, and thereby initiate tumorigenesis [6,9]. 
It has been made clear in recent studies that the normal protein products of BRCA1 and BRCA2 are involved in the fundamental cellular processes particularly in maintaining genomic integrity and transcriptional regulation [10,11]. However, one question central to cancer genetics continues to be a mystey. Why do mutations or loss of BRCA1 or BRCA2 expression play a role in breast cancers, beyond the existence of families with inherited mutations in these genes? In this review, we present a model that may. This review aims to explain these paradoxes of BRCA biology and its role in breast cancer redevelopment [12].
2.1 Overview of BRCA Genes Structure and Molecular Biology
Although both genes may be related functionally, the basic structure of BRCA1 and BRCA2 genes are notably diverse.  The BRCA1 and BRCA2 genes are located on chromosomes 17q21.31 and 13q12.3, respectively. These genes separately encode proteins that contribute to controlling DNA damage repair. BRCA1 spans approximately 81 kb of genomic DNA. There are 24 exons, of which 22 codes for proteins. BRCA1 is first transcribed into a 7.8 kb mRNA on a 5.6 kb open reading frame (ORF) [12]. The BRCA1 promoter region is located within a CpG island, which is bidirectionally regulated similar to an adjacent NBR2 gene locus. Conversely BRCA2 spans ~84 kb, with 27 exons, and 26 encoding genes. The mRNa of 10.2kb produces a 2,418 amino acid chain at translational level. Loss of heterozygosity at the genetic loci is usually detectable in the laboratory by the FISH technique (fluorescence in situ hybridization). And such deviation is underscored as BRCA -associated tumours [13,14]
[image: ]
Figure 1: BRCA1 and BRCA2 functional domains
2.2 Molecular Functions of BRCA genes in Cells
2.2.1. DNA Damage Repair
BRCA1 and BRCA2 express multifunctional proteins on translation. Each protein portion is crucial for the repair of DNA replication errors like double-strand breaks (DSBs) via homologous recombination (HR), which is a high-fidelity repair pathway and incomplete replication fork. Interestingly, DSB and incomplete replication fork are frequent occurrences in the cell cycle. In fact, DSBs can occur in the order of 10 to 50 per cell per day, depending on cell cycle and tissue. In human cells, studies suggest about one DSB per 108 base pairs. This is particularly frequent during DNA replication in the S phase [14]. The BRCA1 protein, in complex with BARD1, is recruited to DSB sites via recognition of γ-H2AX and ubiquitinated histone H2A molecules. It coordinates early repair events, including end resection (via CtIP) and checkpoint activation (via CHK2 phosphorylation). BRCA1 also modulates 53BP1 to favour HR over non-homologous end joining (NHEJ) in S/G2 phases. This may be due to the lesser frequency of errors in homology directed recombination process (HR)
BRCA2 contributes by directly interacting with RAD51, facilitating its loading onto resected ssDNA to form nucleoprotein filaments. This enables strand invasion and template-directed repair using the sister chromatid. Mutations disrupting BRCA1/2 function can impair homologous recombination of the DNA, leading to genomic instability and reliance on alternate error-prone NHEJ repair pathway, contributing to tumorigenesis [15].
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Figure 2: Homologous recombination DNA repair pathway involving BRCA1 and BRCA2, showing how their mutations impair repair, leading to genomic instability and increased breast/ovarian cancer risk
2.2.2 Regulating Transcriptional Process
BRCA1 works as a gene regulator. Its primary function in this case is to interact with transcription factors (e.g., p53, estrogen receptor α) and RNA polymerase II. The protein has BRCT domains which recruit chromatin-modifying complexes [16]. The effect of these complexes is to influence the expression of other DNA repair genes (e.g., GADD45) and cell cycle regulators like p21. BRCA2 on the other hand has been known to have a less pronounced transcriptional role in the cell. However, it may also play a part in modulating genes involved in cell cycle progression via interactions with p53 and MYC [16].
2.2.3 Cell Cycle Checkpoint Control
BRCA1 regulates G1/S and G2/M checkpoints by phosphorylating key targets (e.g., CHK1, CHK2) in response to DNA damage or any other irregularities in cell division. It also stabilizes p53, promoting apoptosis in irreparably damaged cells. The process ensures the cell is in proper condition before going into S-phase. BRCA2 indirectly supports checkpoint integrity by ensuring accurate DNA repair through HR and preventing premature mitotic entry [17].

3.1 BRCA Mutations and Genetic Risk
BRCA1 and BRCA2 have been found to exhibit several forms of mutations in many individuals. mutations are classified based on their origin as germline or somatic, each contributing to cancer predisposition through distinct mechanisms [18].
Germline Mutations: Studies find that 5–10% of breast cancers and 10–15% of ovarian cancers are linked to germline BRCA1/2 mutations, which also define hereditary breast and ovarian cancer syndrome (HBOC). ClinVar and other genomic databases have essentially compiled over 2,000 pathogenic germline variants of the BRCA genes, including truncating mutations, missense mutations, and splice-site mutations [19].
Table 1: forms and effect of germline BRCA mutations
	Mutations
	Forms
	Effect

	Truncating mutations
	Frameshift insertions/deletions (indels) or nonsense mutations (e.g., BRCA1 c.68_69delAG)
	produce premature stop codons, yielding non-functional or unstable proteins

	Missense mutation
	Single nucleotide variants (SNVs) altering critical residues (e.g., BRCA1 p.C61G in the RING domain)
	disrupting protein interactions or enzymatic activity

	Large genomic rearrangements
	Deletions or duplications of exons (i.e exon 13 duplication)
	Disruption in rotein function

	Splice-site mutations
	Variants disrupting intron-exon boundaries (e.g., BRCA2 c.8487+1G>A)
	Leads to aberrant mRNA splicing and defective proteins



Germline mutations confer a high-penetrance risk, with carriers facing significantly elevated lifetime probabilities of breast, ovarian, and other cancers.
Somatic Mutations: These are acquired variants of the gene that arise during the course of an individual’s lifetime. They are specifically found in non-germline tissues, typically within the tumour cells themselves. Somatic mutations of the BRCA genes occur in 3–5% of sporadic breast cancers and 10–20% of high-grade ovarian cancers [20]. The mutations take similar forms like those discussed in germline mutations. Somatic mutations often coexist with loss of heterozygosity (LOH), where the wild-type allele is deleted, fully inactivating BRCA function. Epigenetic silencing, particularly promoter hypermethylation, is a common finding in such cases This is especially so for BRCA1 mutations, observed in ~10–15% of sporadic cancers [21].
Genetic Risk: Germline BRCA gene mutations may be inherited by autosomal dominant inheritance, with a 50% transmission probability to offspring. Penetrance is incomplete but high, modulated by genetic modifiers (e.g., SNPs in RAD51), environmental factors, and hormonal exposures. Somatic mutations, while not inherited, increase tumour-specific risk and are critical for therapeutic targeting. Both mutation types elevate cancer risk by impairing DNA repair, leading to genomic instability [22].
3.2 Effects of BRCA Mutations on Protein Expression in Cell Cycle Mediation
A mutation in either the BRCA1 and BRCA2 or both ultimately leads to the risk of a disrupted protein expression. Essentially the tumour suppressor functions are disrupted in these cases. The most affected mechanism is loss of HR-mediated DNA double-strand break (DSB) repair. Thus, there are implicative cascading cellular consequences:
· Impaired DNA Repair: Implicitly, several DSB repair process necessarily take place to maintain cellular proliferation. BRCA1 mutations and eventually malformed proteins disrupt these events. Other occurrences like end resection (via CtIP) and checkpoint activation (via CHK2) are also necessary and are disrupted as a result. BRCA2 mutations impair RAD51 loading onto resected single-stranded DNA, rescinding strand invasion and HR. Loss of HR will consequentially force reliance on error-prone NHEJ, leading to chromosomal aberrations, translocations, and copy number variations. This genomic instability is what contributes to oncogenesis, with tumour cells exhibiting high mutation burdens and complex karyotypes in genetic testing [23].
· Cell Cycle Dysregulation: BRCA1 mutations upset some key stages in the cell division cycle. G1/S and G2/M checkpoints are compromised due to disruption of p53 stabilization and CHK1/CHK2 phosphorylation. This malfunctioning permits a leak and cells with DNA damage are allowed to progress through the cell cycle. The resulting accumulation of mutations is related to exponential cellular errors. Mutated BRCA2 proteins likewise are unable to mediate checkpoints, thus it indirectly disrupts checkpoints and fails to repair DSBs, promoting mitotic errors [23,24].
· Transcriptional Dysregulation: BRCA1 mutations impair its role as a transcriptional co-regulator, altering expression of DNA repair genes (e.g., GADD45) and cell cycle regulators (e.g., p21). BRCA2 mutations have subtler transcriptional effects but disrupt p53-mediated responses, enhancing tumour progression.
· Tumourigenesis and Phenotypic Consequences: Loss of BRCA1/2 function via mutations or LOH results in tumours with distinct histopathological features. A study by Milikova et al., (2021) reports a tendency towards triple-negative breast cancer (TNBC) for BRCA1 and luminal-type breast cancer for BRCA2. Ovarian cancers associated with BRCA1/2 mutations are predominantly high-grade serous carcinomas. The “BRCAness” phenotype is mostly marked by HR deficiency [25].
3.3 Inheritance Patterns and Population-Specific Mutations
Inheritance of BRCA gene mutations follow an autosomal dominant inheritance pattern, with a 50% probability of transmission from an affected parent to offspring. Carriers inherit one mutated allele from either parent. In such case, a complementary gene is enough to checkmate the effect of the mutated allele. However, cancer risk can manifest upon somatic loss of the wild-type allele, adhering to the “two-hit” Knudson hypothesis and resulting in tumour suppressor gene inactivation. De novo germline mutations are rare, in most cases [27].
Population-specific mutations, particularly founder mutations, are prevalent in certain ethnic groups due to factors that cause genetic diversity. Historical population bottlenecks or endogamy are common causes of peculiar genetic variability on a population. The most well-characterized are in the Ashkenazi Jewish population, where three founder mutations account for ~90% of BRCA-related cancers [28]. BRCA1 c.68_69delAG (185delAG), BRCA1 c.5266dupC (5382insC) and BRCA2 c.5946delT (6174delT) have a combined carrier frequency of ~2.5% in Ashkenazi Jews. This is contextually <0.1% in the general population. Their high prevalence facilitates targeted genetic screening in this group, with clinical guidelines recommending testing for these variants in individuals with Ashkenazi ancestry and a personal or family history of breast cancer [29].
In Iceland, the Icelandic BRCA2 c.771_775del5 (999del5), a founder mutation with a carrier frequency of ~0.6% is well-linked to breast and prostate cancer. Several African variants of BRCA1/2 have also been identified from Emerging data (e.g., BRCA1 c.943ins10 in West Africans), though population-specific screening is less established. These founder mutations simplify genetic testing but highlight the need for comprehensive sequencing in diverse populations, as non-founder mutations may predominate elsewhere [30].
3.4 BRCA Lifetime Risk Statistics of Breast Cancer
Germline BRCA1/2 mutations are associated with elevated lifetime risks of breast cancer.  Penetrance varying by gene, mutation type, and modifying factors (e.g., age, hormonal exposure, genetic background). Based on meta-analyses and prospective cohort studies:
· BRCA1 Carriers: 
· Lifetime risk of breast cancer: 60–70% by age 80 (range: 55–85% across studies).
· Risk by age 50: ~40–50%.
· Predominantly triple-negative breast cancer (TNBC), with earlier onset (median age: 40–50 years).
· BRCA2 Carriers: 
· Lifetime risk of breast cancer: 50–60% by age 80 (range: 45–75%).
· Risk by age 50: ~30–40%.
· Predominantly luminal-type (ER-positive) breast cancer, with slightly later onset than BRCA1 (median age: 45–55 years).
· General Population: 
· Lifetime risk of breast cancer: ~12–13% by age 80 (U.S. data).
· Risk by age 50: ~2–3% [31].
Risk estimates are derived from studies like the Breast Cancer Linkage Consortium and EMBRACE, adjusted for ascertainment bias. Notably, male breast cancer risk is elevated in BRCA2 mutation carriers (~7% lifetime risk) but negligible in BRCA1 mutation carriers, a general consensus reported by many studies. Risk modifiers can also come into question. SNPs like FGFR2 and TOX3 have been implicated, parity, and oral contraceptive use, can modulate penetrance by ±10–20% [32].

7.1 Conventional Therapies for BRCA1/2-Associated Cancers and Their Limitations
Surgery to remove tumours and surrounding tissues is one of the conventional treatments for BRCA1/2-associated breast cancers. Radiotherapy plus systemic treatments including hormonal therapy and chemotherapy are effective for localized disease or risk reduction, surgical treatments including salpingo-oophorectomy or mastectomy are invasive and permanent but have major psychological effects [32]. Targeting residual disease following surgery or radiotherapy is a challenge due to probable toxicity to surrounding tissues and varying efficacy in tumours of BRCA1/2, which frequently show aggressive phenotypes (e.g., triple-negative breast cancer [TNBC]). Usually anthracycline- or taxane-based regimens (e.g., doxorubicin, paclitaxel), and chemotherapy are used to target DNA to kill fast dividing cells. Although in some cases are effective, tumours with BRCA1/2 mutations may acquire resistance from compensatory DNA repair systems or tumour heterogeneity. Though they help to treat some BRCA2-associated luminal-type breast cancers [32,33], hormonal therapies like tamoxifen, are essentially not effective in BRCA1-associated TNBC, since the tumours lack oestrogen receptor expression. Conventional treatments have several limits which include non-specific toxicity (e.g., myelosuppression, neuropathy).  Limited durability of response and poor outcomes in metastatic settings are also major challenges. A 5-year survival rate for BRCA1/2-associated metastatic breast cancer has been reported to be around ~20–30%. These difficulties highlight the need of tailored treatments and more efficacious targeting for BRCA1/2-mutated breast tumours [32–34].
7.2 Poly (ADP-ribose) Polymerase (PARP) Inhibitors
Drugs like olaparib and talazoparib represent a paradigm shift in treating BRCA1/2-mutated cancers by exploiting synthetic lethality. PARP enzymes (PARP1, PARP2) repair single-strand DNA breaks (SSBs) via base excision repair. In BRCA1/2-mutated cells, which are deficient in homologous recombination (HR) for double-strand break (DSB) repair, PARP inhibition prevents SSB repair, leading to DSB accumulation during replication. These unrepaired DSBs cause genomic instability and cell death, selectively targeting HR-deficient tumour cells while sparing normal cells with intact BRCA function [33,34]. Olaparib (Lynparza) was the first FDA-approved PARP inhibitor (2014) for BRCA1/2-mutated advanced ovarian cancer, with indications expanded to breast, pancreatic, and prostate cancers. Talazoparib (Talzenna), with higher PARP-trapping potency, is approved for BRCA1/2-mutated metastatic breast cancer. Clinical trials, such as OlympiAD (NCT02000622), demonstrated olaparib’s superiority over standard chemotherapy in BRCA1/2-mutated metastatic breast cancer [35]. 
7.3 Platinum-Based Chemotherapies Platinum-based chemotherapies
These therapies (e.g., cisplatin, carboplatin) are very successful in BRCA1/2-mutated tumours because to their HR deficit. Platinum compounds induce intra- and inter-strand DNA crosslinks, which require HR for repair. In BRCA1/2-mutated cells, poor HR leads to persistent DNA damage, causing apoptosis [36,37]. In breast cancer, studies suggest that cisplatin may be effective treatment for hereditary BRCA1-mutated breast cancers. [38,39]. However, limits include dose-limiting toxicities. For example, nephrotoxicity and ototoxicity has been observed in cisplatin. Another limitation is the acquired resistance via mechanisms such activation of alternative repair pathways (e.g., NHEJ) or drug efflux pumps. Platinum rechallenges in sensitive tumours or combination with PARP inhibitors (e.g., olaparib with carboplatin) boosts efficacy, with ongoing trials determining optimal sequencing [40].
7.4 Emerging Targeted Therapies and Immunotherapies
Emerging medicines aim to address limitations of traditional and PARP inhibitor treatments by targeting novel pathways or exploiting immune responses. ATR inhibitors (e.g., berzosertib) and CHK1 inhibitors (e.g., prexasertib) target DNA damage response pathways upregulated in BRCA1/2-mutated tumours, showing promise in preclinical models and early-phase trials [41,42]. WEE1 inhibitors (e.g., adavosertib) can help enhance radiotherapy and acts by disrupting G2/M checkpoint, preventing DNA repair, and driving cells into lethal mitosis. CDK12 inhibitors are also under investigation for their role in downregulating HR genes. They can potentially sensitize BRCA1/2-mutated tumours to existing therapies. Immunotherapies, particularly immune checkpoint inhibitors (e.g., pembrolizumab, nivolumab), exploit the high mutational burden of BRCA1/2-mutated tumours, which generates neoantigens [43]. The KEYNOTE-086 trial (NCT02447003) reported objective response rates of 5–10% for pembrolizumab in BRCA1/2-mutated TNBC, with even a higher response in PD-L1-positive tumours. Combining immune checkpoint inhibitors with PARP inhibitors is a promising strategy, as PARP-induced DNA damage enhances tumour immunogenicity. Adoptive cell therapies (e.g., CAR-T cells) and oncolytic viruses are also in early development, targeting BRCA-associated tumour-specific antigens. [44].

8. Future Directions in BRCA1/2-Associated Cancer Management
8.1 Integrating Genomics into Routine Cancer Care
Many studies advocate for the integration of genomics into routine cancer care, as this is poised to transform the management of BRCA1/2-associated malignancies by enabling precision oncology. Comprehensive genomic profiling, where advanced techniques like next-generation sequencing (NGS) is leveraged, is increasingly incorporated into clinical workflows to identify germline and somatic BRCA1/2 mutations, alongside other actionable alterations like TP53 mutations [45]. 
Advancement in diagnostic approaches is also another critical aspect to for improvement. laboratory diagnosis through Liquid biopsies, detecting circulating tumour DNA (ctDNA), is considered a non-invasive method of diagnosis and monitoring of mutation status, as well as treatment response. Such implementation requires standardized protocols, from bodies like the American Society of Clinical Oncology (ASCO), to ensure equitable access and quality control. Challenges to these advancements may include cost, especially to middle and low-income countries [46]. Turnaround time, and disparities in access, particularly in low-resource settings can also prove to be a challenge. Integrating genomics with electronic health records (EHRs) and decision-support tools streamlines variant interpretation and treatment planning, Futuristically, costs are expected to decline and reimbursement models will evolve, to improve outcomes for BRCA1/2 mutation carriers [46].
Advances in Predictive Modelling and AI in Mutation Interpretation
The emergence of Artificial intelligence (AI) and predictive modelling are revolutionizing the interpretation of BRCA1/2 mutations. Such Machine learning algorithms can help in addressing the complexity of variant classification and risk prediction if tapped into. This is already seen in use in trained large-scale genomic databases (e.g., ClinVar, ENIGMA) to enhance the classification of variants of uncertain significance (VUS), which constitute 10–15% of BRCA1/2 test results [47].
Tools like AlphaMissense and REVEL is also being used to predict pathogenicity with >90% accuracy, and helping to reduce diagnostic ambiguity. AI-driven risk models, such as extensions of BOADICEA, incorporate polygenic risk scores (PRS), environmental factors, and family history to refine lifetime cancer risk estimates for BRCA1/2 carriers, enabling tailored surveillance. As AI tools are integrated into clinical decision-support systems, they promise to accelerate diagnosis, optimize therapeutic strategies, and democratize access to precision medicine for BRCA1/2-associated cancers.
Novel Gene-Editing Approaches
CRISPR/Cas9 and other gene-editing technologies are still being strongly considered for possible transformative potential for correcting BRCA1/2 mutations or mitigating their effects, though clinical translation remains nascent [48]. CRISPR/Cas9techolgy is a highly precise gen editing tool that is already being used in the treatment of other genetic disorders such as sickle cell, and thallasemia syndromes. Studies are examining the use of gene editing tools for precise editing of germline or somatic BRCA1/2 mutations by introducing double-strand breaks at targeted loci, repaired via homology-directed repair (HDR) to restore wild-type sequences. So far, preclinical studies have demonstrated successful correction of BRCA1 c.68_69delAG in patient-derived cell lines, restoring HR function and PARP inhibitor sensitivity [50,51].
In vivo delivery, using adeno-associated viruses (AAVs) or lipid nanoparticles, shows promise in mouse models of BRCA1/2-mutated ovarian cancer, reducing tumour burden. Beyond mutation correction, CRISPR-based tools can modulate HR pathways by upregulating RAD51 or silence compensatory repair mechanisms through 53BP1, to enhance therapeutic efficacy [51, 52].
Challenges such as the possibilities of off-target effects, mutagenesis and ethical considerations remains the major drawbacks to use of gene editing in cancer therapeutics. Emerging tools, such as base editing and prime editing, are being presented to address challenges, offering higher precision and reduced off-target effects, addressing safety concerns [52]. Regulatory frameworks, such as those from the National Academy of Sciences, emphasize rigorous oversight. 
Conclusion
BRCA1/2 mutations profoundly impact breast cancer by disrupting homologous recombination (HR) repair, a critical DNA damage response mechanism, leading to genomic instability and elevated genetic risk. BRCA1 mutations predominantly drive triple-negative breast cancer (TNBC) with a 60–70% lifetime risk, while BRCA2 mutations favour ER-positive luminal types with a 50–60% risk, both greatly higher than the 12–13% lifetime risk of the general population. Tailored therapeutic interventions including PARP inhibitors (e.g., olaparib) and platinum-based chemotherapies, which take use of synthetic lethality in HR-deficient cells, are based on this HR shortfall. Emerging therapies, including ATR inhibitors and immunotherapies, further target these vulnerabilities. The mutation-specific effects on tumour biology and repair pathways enable precision oncology, enhancing risk assessment, prevention, and treatment outcomes for BRCA mutation carriers.
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