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Abstract: Cancers that are arising from germline mutations of the breast cancer associated gene 1 

(BRCA1), which is a crucial player of homologous recombination (HR) DNA repair, are vulnerable 

to DNA damaging agents such as platinum and PARP inhibitors (PARPi). Increasing evidence sug-

gests that BRCA1 is an essential driver of all phases of the cell cycle, thereby maintaining orderly 

steps during cell cycle progression. Specifically, loss of BRCA1 activity causes the S-phase, G2/M, 

spindle checkpoints and centrosome duplication to be dysregulated, thereby blocking cell prolifer-

ation and inducing apoptosis. In vertebrates, loss of HR genes such as BRCA1 and/or BRCA2 is lethal 

since HR is prerequisite for genome integrity. Thus, cancer cells utilize alternative DNA repair path-

ways such as non-homologous end joining (NHEJ) to cope with loss of BRCA1 function. In this 

review, we attempt to update and discuss how these novel components are crucial for regulating 

DNA damage repair (DDR) in BRCA1-deficient cancers.  

Keywords: BRCA1; PARP1; TATDN2; BARD1; EXO1; EEPD1; FANCJ; BRCA1-deficient cancers 

 

1. Introduction 

DNA double-strand breaks (DSBs) are the most consequential DNA lesions threatening ge-

nomic integrity [1]. Consequently, failure to repair DBSs has detrimental consequences including 

oncogenic transformation, tumorigenesis and cell death [1]. Principally, cells use two basic path-

ways to repair DSBs: (1) homologous recombination (HR) and (2) the classical nonhomologous end-

joining pathway (cNHEJ). However, it is worth noting that some recent studies have identified a 

highly error-prone NHEJ pathway, termed alternative NHEJ (aNHEJ), which operates in both 

cNHEJ-proficient and cNHEJ-deficient cells [2–7]. When the NHEJ pathway is inactivated, DSBs can 

be repaired by a more error-prone pathway, the microhomology-mediated end joining (MMEJ) [8]. 

In contrast with cNHEJ typically using microhomologies that have already exposed in single-

stranded overhangs on the DBS ends, MMEJ involves alignment of microhomologous sequences 

internal to the broken ends before joining, therefore it is associated with deletions and insertions of 

DNA sequence between microhomologies [8]. 

Breast cancer susceptibility gene 1 (BRCA1) encoding a tumor suppressor BRCA1, also called 

p220, plays a house-keeping driver of cell cycle checkpoint and DNA repair pathways such as HR, 

which is a high-fidelity mechanism for DSBs in DNA [9]. So, HR is required for maintaining genetic 

integrity to ensure the accuracy of DSB repair [10]. Mechanistically, BRCA1 recruits RAB51 and 

other repair factors to the sites of damage to coat the single-stranded DNA generated at the break 

site, thereby facilitating the search for a homologous DNA template [11–13]. Besides, BRCA1 is a 

key driver of cell cycle progression though regulating all the phases  regulates  cell cycle progres-

sion, particularly at the G1/S and G2/M checkpoints so as to prevent cells with damaged DNA from 

proceeding through mitosis [14]. Mutations in BRCA1 gene or loss of BRCA1 function causes a shift 

away from HR toward NHEJ, which is an error-prone pathway directly ligating the broken DNA 
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ends without the need for a homologous template [15]. Nonetheless, NHEJ frequently results in 

small deletions or insertions of nucleotides in the damaged loci, leading to chromosomal instability, 

thereby contributing to the development of various cancers such as breast, ovarian and prostate 

carcinomas [9–11,15–18].  

BRCA1 harbors a highly conserved amino-terminal RING domain located at its N-terminus 

from residues 24-64, which is a motif found in many E3 ubiquitin ligases [19,20], and BRCA1 C-

terminal repeats domain, a motif binding to phosphorylated proteins essential for DNA damage 

repair [21]. Its RING domain acts as a protein-protein interaction domain, allowing specific proteins 

to form complexes with other necessary repair factors to facilitate DNA damage repair. The best 

characterized RING domain (residues 1-109) interaction occurs with BRCA1 associated RING do-

main protein 1 (BARD1) to form E3 ubiquitin ligase complex. BARD1 is required for HR-mediated 

DNA repair, replication fork maintenance [22,23].  

Etiologically, germline mutations of human BRCA1 gene account for a significantly increased 

risk of developing several types of cancers including breast, ovarian, prostate and pancreatic can-

cers. For instance, patients with BRCA1-deficient cancers have a lifetime risk of developing breast 

cancer as high as 80% as compared to about 12% in the general population [24]. Because BRCA1-

deficient breast cancers are often classified as triple-negative breast cancers (TNBCs) that lack estro-

gen receptors (ERs), progesterone receptors (PRs) and human epidermal growth factor receptor 2 

(HER2) amplification, it is challenging to establish the targeted treatments with standard hormone 

therapies [25–27]. In ovarian cancers, BRCA1-deficient tumors are aggressive and often diagnosed 

at the late stage [28] whereas, in BRCA1-deficient prostate cancers, a higher probability of being an 

advanced stage and a shorter disease-free survival in patients are reported [29]. Also, although mu-

tations of BRCA1 gene are linked to an increased risk of pancreatic cancer and melanoma, the exact 

risks are still under investigation [30,31]. Therefore, mutations of BRCA1 gene, mostly those mutat-

ing the RING domain, significantly impaired DNA damage repair via HR, forcing them to rely more 

heavily on the less precise NHEJ pathway for DNA repair, thereby increasing chromosomal abnor-

malities and cancer risk [32]. Hence, it is mandatory to develop targeted therapies for the treatment 

of patients with BRCA1-deficient cancers.  

One of the most promising strategies is the use of PARP (poly ADP-ribose polymerase) inhibi-

tors, also known as synthetic lethality. Once DNA nicks or breaks (DSBs) occur, PARP, composed 

of two isoforms PARP1 and PARP2, is activated to generate poly(ADP-ribose) to recruit core DNA 

repair proteins to the site of damage, including those involved in NHEJ pathway that uses the syn-

aptic activity of PARP and ligation activity of XRCC1-DNA ligase III complex to repair DSBs [33]. 

In NHEJ, the DSB is first recognized by the Ku70-K80 heterodimer (Ku), which acts as a ‘tool belt’ 

or loading protein to which other NHEJ proteins can be recruited as needed to promote the joining 

of DNA ends [34]. DNA-dependent protein kinase catalytic subunit (DNA-PKcs) has a high affinity 

for Ku-DNA ends and, together with Ku, forms the DNA-PK complex [35]. aNHEJ plays as a sec-

ondary DNA repair mechanism to the primary cNHEJ pathway, especially when key proteins such 

as Ku or other components, which are crucial for cNHEJ, are missing or when PARP1 is competing 

with Ku to repair DSBs [36]. Interestingly, it was revealed that PARP1 interacted with other core 

components of cNHEJ pathway such as Ku and the DNA-PKcs; on the contrary, cNHEJ is normally 

functional in murine PARP1-/- cells [37]. Inhibition of PARP activity causes accumulation of SSBs 

within DNA, and when the replication fork encounters these unrepaired SSBs, they can be converted 

into DSBs, resulting in DNA damage during DNA replication [38].  

PARP inhibitors including olaparib, rucaparib and niraparib have shown significant efficacy of 

treatment for patients with BRCA1-deficient breast and/or ovarian cancers [39–41]. These drugs are 

particularly effective in patients with BRCA1 mutation tumors that are highly reliant upon PARP-

mediated DNA repair pathway [39,40]. Hence, inhibition of PARP function by these drugs selec-

tively killed BRCA1-deficient cancer cells, but not normal cells. Despite the success of PARP inhibi-

tors in treatment of patients with BRCA1-deficienttumors, resistance to these chemotherapies can 

develop over time [42]. One mechanism of resistance is the restoration of HR through secondary 
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mutations in BRCA1 gene [43]. Other mechanisms of resistance comprise (1) the upregulation of 

alterative DNA repair pathways, (2) increased drug efflux, and (3) changes in PARP expression [44]. 

In addition to PARP inhibitors, other therapeutic strategies such as combinations of PARP inhibitors 

(PARPis) with chemotherapy, anti-angiogenic agents, immunotherapy, immune checkpoint inhibi-

tors, PI3Kinase inhibitors and other inhibitors of DNA damage repair machinery has been vigor-

ously examined for the treatment of the patients with BRCA1-deficient tumors [45–47]. For instance, 

inhibiting ATR, which controls both BRCA1-independent HR and fork protection by accelerating 

RAD51 loading to DSB and stalled forks, leads to block BRCA1-independent HR and fork stability, 

thereby resensitizing resistant cells to PARPis [48]. In addition, immunotherapeutic approaches that 

target BRCA1-deficient cancers have been under vigorous investigation since immunotherapies us-

ing the immune checkpoint inhibitors, are able to strengthen the immune system in order to recog-

nize and attack BRCA1-deficienttumors more efficiently [49].  

Recent development of targeted therapies, particularly PARP inhibitors, has revolutionized the 

treatments for patients with BRCA1-deficient cancers that heavily rely upon aNHEJ pathway. How-

ever, resistance to these therapies is an unresolved issue, and ongoing research is aimed at over-

coming such resistance and developing new therapeutic strategies, including the use of ATR inhib-

itors and/or immunotherapy. To resolve this issue, a comprehensive understanding of DNA repair 

pathways and all the core components of these pathways in BRCA1-deficient cancers is mandatorily 

required. So, in this review, we have struggled to summarize these components of DNA repair path-

ways in BRCA1-deficient cancers derived from breast, ovarian and prostate in most recent studies.  

2. Novel DNA repair components required for survival of BRCA1-deficient, but 

not BRCA1-proficient cancers  

Most recent advancements in the understanding of DNA repair mechanisms in BRCA1-defi-

cient cancers have explored some crucial players such as Twin-Arginine Translocation (TatD) 

DNase domain containing 2 (TATDN2), Exonuclease/Endonuclease/Phosphatase Domain-1 

(EEPD1), E3 ubiquitination ligases (e.g. BARD1 and RAD18), Telomeric Repeat-containing RNA 

(TERRA), FANCJ and EXO1. These molecules are integral to the DNA repair pathways in BRCA1-

deficient cancers, contributing to maintaining genomic stability and precise cell proliferation. There-

fore, these molecules are expected to be promising candidates for therapeutic treatments because 

they have been shown to increase sensitivity in BRCA1-deficient cancers. Here we described and 

summarized the roles of these molecules in regulating DNA damage repair pathways in BRCA1-

deficient cancers. 

2.1. Role of TATDN2 in BRCA1-deficient cancers 

TatD proteins, a large family of 3’-to-5’ exonucleases highly conserved from bacteria to hu-

mans, consist of TatA, TatB, TatC, and TatD [50]. TatA, TatB and TatC are membrane-bound pro-

teins, and they form a receptor essential for binding and transporting folded proteins bearing with 

Mg2+-dependent DNase activity, and the expression of TatD and two TatD homologues, YcfH and 

YjjV, are not essential for protein export in the Tat pathway in E. coli [50–52]. In human, there have 

been three TatD paralogs identified, TATDN1, TATDN2 and TATDN3. Despite TATDN2, a member 

of the TATD nuclease family, it is distinct from its relatives, TATDN1 and TATDN3, owing to struc-

tural differences in their amino-terminal regions and nuclease activities [50,53,54]. This uniqueness 

is prerequisite for TATDN2 to resolve R-loops and promote replication fork progression in the pres-

ence of excessive R-loops [55]. R-loops, which are DNA-RNA hybrids establishing a three-stranded 

nucleic acid structure consisting of a DNA:RNA hybrid and a displaced single-stranded DNA 

(ssDNA), regulate a variety of nuclear events such as DNA replication, chromatin structuring, tran-

scription and genome stability [56]. Principally, two types of R-loops including (1) physiological 

and (2) pathological have been identified [57]. Of which, whereas physiological R-loops are depend-

ent upon the programmed events requiring specific factors essential for their formation, pathologi-

cal R-loops occur randomly in a non-programmed manner. DNA-RNA hybrid formation is 
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specifically accelerated at specific regions at which this formation is crucial for regulating physio-

logical function [57]. In contrast, R loops may interfere with DNA replication, repair, and transcrip-

tion, therefore compromising genome integrity and function [57]. In response to it, cells develop 

other mechanisms to either inhibit and/or resolve such DNA-RNA hybrids [57]. However, if these 

mechanisms are dysfunctional, R loops may threaten genome integrity and cell proliferation and 

differentiation [57]. Increasing evidence suggests that R-loop-mediated replication fork stalling is a 

major feature of transcription-replication conflicts and R-loop-induced DNA damage [58]. How-

ever, it is still poorly understood how cells enable to protect themselves from pathological R-loops 

and how pathological R-loops contribute to chromatin structure and compromise genome integrity.  

Notably, excessive R-loops triggering replication fork stalling and oncogene activation are 

more abundant in BRCA1-deficient cancers as compared to those in BRCA1-replete cancers. In vivo 

studies have shown that depleting TATDN2 leads to an increase in R-loops while its overexpression 

reduces them [55]. The relationship between BRCA1 and TATDN2 is mediated by the RNA-degrad-

ing Inositol-Requiring Enzyme type 1 (IRE1) and its target microRNA, miR-4638-p [55]. Of note, 

elevated expression of IRE1 is observed; therefore, its target, IRE1, is resultantly alleviated in 

BRCA1-deficient cancer cells [55]. The reduced expression of miR4638p enables TATDN2 to be up-

regulated, thereby resolving excess R-loops and promoting cell survival [55]. Interestingly, 

TATDN2 is much less essential for the survival of cognate BRCA1-proficient cancer cells (See Figure 

1). As a consequence, loss of IRE1 or overexpression of miR-4638, leading to diminish the expression 

of TATDN2 which subsequently weakens replication fork progression, could be a promising thera-

peutic strategy in BRCA1-deficient cancers. 

 

Figure 1. Graphic abstract for the role of TATDN2 in resolving R-loops in BRCA1-proficient cells and BRCA1-

deficient cells. Silencing of TATDN2 expression by either miR 6438-5p or TATDN2-targeting siRNA (siTATDN2) 

does not alter R-loop resolution activity and cell survival in BRCA1-proficient cells but significantly abolish R-

loop resolution activity, thereby leading to cell death in BRCA1-mutant cells. 

2.2. Role of TERRA in BRCA1-deficient cancers   

TERRA, a long non-coding RNA (lncRNA), is evolutionally conserved in vertebrates, and it is 

transcribed from the subtelomeric regions of telomeric DNA sequences that is towards chromosomal 

ends [59]. In human cells, the huge majority of TERRA contain 7-methylguanosine (m7G) cap struc-

tures at its 5’-ends whereas some contain a poly(A) tail at its 3’-end, which is essential for their sta-

bility [60]. TERRA is believed to interact with telomere through binding to telomerase core factors 

such as TERT and TERC (or telomeric repeats) since the 3’ end of TERRA is complementary to the 
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telomerase RNA template region [61] It is worth noting that TERRA transcripts regulate telomerase 

activity at chromosome ends in vitro [62].  

Nevertheless, how TERRA regulates telomerase function remains unclear. For this hypothesis, 

Emilio et al., has confirm that the telomeric TERRA is involved in the nucleation of telomerase mole-

cules into clusters prior to their recruitment at a short telomere in yeast [63]. Furthermore, telomere 

shortening promoted TERRA expression and subsequently triggered TERRA to be accumulated into 

nuclear focus in early S phase [63]. Additionally, TERRA interacts with yeast telomerase RNA TLC1, 

which is functionally similar to human TERC (hTERC) and forms TERRA-TLC1 complex that co-

localizes with the telomere of origin during S phage in vivo. This interaction highlights a regulatory 

role of TERRA in the spatial organization of telomerase activity in telomeres [63].   

In DNA Damage Responses (DDR), TERRA transcripts control the assembly of telomere-binding 

proteins at chromosome ends (capping), thereby maintaining genomic integrity [59]. In addition, 

TERRA transcripts serve as epi-genomic modulators in trans and as essential regulators of telomere 

in cis, thereby controlling DDR pathways indirectly by regulating gene expression [64]. Interestingly, 

TERRA transcripts are shown to establish DNA-RNA hybrid structure (R-loops) with the telomeric 

C-rich strand [65]. In human cancers, higher levels of telomeric R-loops are detectable in (Alternative 

Lengthening of Telomere) ALT-positive cancer cells in comparison with telomerase-positive cancer 

cells [66].  

Formation of R-loop structures at telomeres affects telomere maintenance and genome integrity 

by accelerating HR between telomeres [67]. TERRA can promote telomeric DNA replication through 

R-loop formation at telomeres; furthermore, TERRA transcripts are crucial for precise telomere cap-

ping, helping to prevent the activation of DDR at chromosome ends [68]. It has been suggested that 

TERRA plays a role in switching at the ends of chromosomes between the DNA-binding protein RPA 

(crucial for activating ATR checkpoint) and the shelterin component POT1 (acting as a telomeric sup-

pressor of ATR-mediated DDRs in telomeres) in vitro [69] that R-loops lead to genome instability via 

interfering with DNA polymerases during DNA replication.  

BRCA1 was shown to directly interacts with TERRA via its N-terminal nuclear localization se-

quence as well as with major members of the telomere-specific shelterin complex in an R-loop-asso-

ciated manner at promoter and telomeric regions [70]. R-loop-mediated BRCA1 binding to CpG-rich 

TERRA promoters suppresses TERRA transcription, reducing TERRA-loop-induced DNA damage 

and enhancing DNA repair responses in a SETX/XRN2-dependent manner [70]. Silencing BRCA1 or 

BRCA1 mutations within the TERRA-binding region increase TERRA expression, subsequently trig-

gering an excessive formation of TERRA R-loops, telomeric replication stress and telomeric aberra-

tion phenomena  in BRCA1-deficient cancers [70]. In BRCA1-deficient cancers, TERRA transcription 

is upregulated as a result of increased binding of transcription factors to TERRA type II promoters 

(devoid of CpG-islands), which results in exceeding expressions of TERRA R-loops and telomeric 

abnormalities [71,72]. Excessive TERRA levels together with an accumulation of unresolved TERRA 

R-loops at telomeric regions lead to replication stress and telomeric aberrancies, thereby resulting in 

telomere shortening [70] (See Figure 2). Interestingly, tumors harboring BRCA1 mutation is highly 

vulnerable to trabectedin [73] and lurbinectedin [74], inducing R-loop-mediated damage and causing 

genomic instability, suggesting that R-loop-targeting compounds in combination with telomerase in-

hibitor(s) might be a promising BRCA1-deficient tumor therapy [70]. 
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Figure 2. Graphical abstract for the role of TERRA in resolving R-loops in BRCA1-proficient cells and BRCA1-

deficient cells. TERRA transcription and R-loop formation are inhibited in BRCA1-proficient cells, which leads 

to alleviate telomeric DNA damage, maintain telomere length, and therefore cell survival. Nonetheless, TERRA 

transcription and R-loop formation are significantly enhanced in BRCA1-deficient cells, which elevates replica-

tion stress, telomeric DNA damage, shorten telomere length, and therefore cell death. 

2.3. Role of BARD1 in BRCA1-deficient cancers   

BRCA1-associated RING domain protein 1 (BARD1), originally identified as tumor suppressor 

of familial breast cancer, forms heterodimer with BRCA1 to function as an E3 ubiquitin ligase that 

subsequently interacts with DNA and DNA damage response factors, thereby promoting the HR-

mediated repair of DSBs, including at damaged replication forks [22]. BRCA1- BARD1 serves as mul-

tidirectional driver of DNA replication and replication, DNA repair responses, and tumor suppres-

sion. It is reported that mammary-specific ablation of either BRCA1 or BARD1 in conjugation with 

p53 deficiency triggers a high frequency of basal-like breast carcinomas with a propensity for being 

triple-negative tumors (that is, lacking the estrogen, progesterone and HER2 receptors) [75]. The N 

terminal RING domain of BARD1 binds to the BRCA1 BRCT repeats, which is associated with the 

phosphorylated isoforms of interacting proteins while the C terminal ankyrin motifs and tandem 

BRCT repeat binding domains of BARD1 bind to CstF-50 to modulate mRNA processing and RNAP 

II stability in response to DNA damage [76]. Besides, a previous study showed that BRCA1-BARD1 

facilitates the nucleolytic resection of DNA ends to generate a single-stranded DNA (ssDNA) tem-

plate for the recruitment of another tumor suppressor complex BRCA1-PALB2 and the recombinase 

RAD51 [77]. Structurally and functionally similar to a vast number of RING domain proteins, BRCA1 

and BARD1 enable the interaction with E2 ubiquitin-conjugating enzymes and function as E3 ubiq-

uitin ligases [78].  

As mentioned above, BRCA1 interacts with the recombinase Rad51, and their co-localization 

could be observed in ionizing radiation-induced nuclear foci, suggesting the regulatory role of 

BRCA1 in HR-mediated DNA repair pathway. Indeed, Brca1-/- mouse and human cells alleviates the 

formation of DNA damage-induced RAD51 foci and causes defects in DNA end resection, which is 

a crucial early step in the repair of DSBs by HR repair pathway [79], suggesting a crucial role of 

BRCA1-BARD1 complex in recruiting RAD51 to DSBs. Also, there is an evidence that BRCA1-BARD1 
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complex has a role in the nucleolytic resection of DSB ends, as first proposed on the basis of the cell 

cycle-dependent association of BRCA1 with the MRE11-RAD50-NBS1 nuclease complex and with the 

end resection factor CtBP-interacting protein (CtIP) [80,81]. Relevance of the BRCA1-BARD1 E3 ligase 

activity for DSBs repair, tumor suppression, and resistance to PARP inhibitors and platinum-based 

compounds is still debatable. For example, histone H2A K127/129 ubiquitination is required for HR-

mediated DSB repair. Nonetheless, defects in histone H2A ubiquitination by BRCA1-BARD1 complex 

can be compensated by other ubiquitin E3s such as RNF168 [82–84]. A recently published paper has 

revealed that the BRCA1-BARD1 complex is capable of ubiquitinating Proliferating Cell Nuclear An-

tigen (PCNA) to accelerate continuous DNA synthesis under normal physiological condition, subse-

quently preventing the accumulation of ssDNA gaps and protecting replication forks [84]. Thus, the 

BRCA1-BARD1 complex-mediated ubiquitination of PCNA is defective in BRCA1-deficient cancer 

cells, which leads to an enhanced accumulation of ssDNA gaps and impaired DNA replication under 

stress [84] (see Figure 3). In addition to BRCA1-BARD1, RAD18 could also ubiquitinate PCNA inde-

pendently of BRCA1-BARD1. Besides, the PCNA ubiquitination remain considerably higher than 

that in BRCA1-proficient cancer cells [85]. 

 

Figure 3. Graphical abstract for the role of BARD1 in the regulation of DSB repair in BRCA1-proficient cells and 

BRCA1-deficient cells. In BRCA1-proficient cells, the BRCA1-BARD1 complex is responsible for ubiquitinating 

PCNA, accelerating DNA synthesis continuously under normal physiological condition, thereby preventing the 

accumulation of unreplicated ssDNA gaps as well as protecting replication forks. Nonetheless, in BRCA1-defi-

cient cells, PCNA ubiquitination is disturbed, which results in the accumulation of unreplicated ssDNA gaps, 

impaired DNA replication under stress, thereby leading to the accumulation of unrepaired DSBs and cell death. 

2.4. Role of EXO1 in BRCA1-deficient cancers   

Recent findings have identified the end resection factor EXO1 is crucial for the survival of 

BRCA1-deficient cells [86,87]. EXO1, which processes dsDNA ends by trimming DNA in a 5’-to-3’ 

direction, is essential for maintaining genomic stability in the absence of BRCA1. 

In BRCA1-proficient cells, the initiation of short-range end resection involves the phosphoryla-

tion of CtIP (pCtIP), which then stimulates the nucleolytic function of MRE11 within the MRE11-

RAD50-NBS1 (MRN) complex [88]. This complex trims up to approximately 300 nucleotides at the 

DSB ends, exposing short regions of microhomology that flank the break site [88,89]. This initial 
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resection facilitates the recruitment of factors responsible for long-range resection, particularly EXO1 

or DNA2, to further process the DNA ends [90]. It should be worth noting that EXO1 and DNA2 have 

different cofactors involved in long-range resection. This is particularly important following a DSB, 

as proper DNA end resection is necessary to initiate HR and prevent repair via NHEJ and SSA, which 

can lead to genomic instability. 

EXO1 specializes in resecting dsDNA, while DNA2 is specifically crucial for ssDNA and is pro-

moted by the BRCA1-BARD1 complex [86,87,90]. After long-range resection by EXO1 and/or DNA2, 

ssDNA is generated, enabling BRCA1 recruit the core HR protein RAD51 for binding [86]. RAD51 

plays a pivotal role by facilitating the search for and alignment with a homologous sequence, which 

guides accurate repair. Although BRCA1 is essential for recruiting RAD51 and enabling HR, DNA 

end resection can still occur independently of BRCA1 [91,92]. This BRCA1-independent resection 

suggests the presence of a compensatory pathway in which EXO1 becomes essential for the survival 

of BRCA1-deficient cells, underscoring its role in these cells. Notably, EXO1 works alongside the hel-

icase BLM to conduct long-range resection of DSBs [93]. In the absence of RAD51 recruitment, this 

resection instead facilitates the binding of RAD52, promoting the completion of more error-prone 

DNA repair pathways, such SSA or aNHEJ [94,95]. Consequently, BRCA1-deficient cells exhibit re-

duced RAD51 foci (biomarkers for HR) following ionizing radiation-induced DNA damage, indicat-

ing a diminished capacity for HR repair and a shift toward these alternative repair pathways. 

Studies indicate that BRCA1-deficient cells lacking EXO1 show reduced levels of RAD52 and 

accumulate replication-associated lesions, particularly ssDNA gaps resulting from unprocessed Oka-

zaki fragments during DNA replication [86,96]. These lesions correlate with increased Poly(ADP-

ribosyl)ation (PARylation) by PARP1 during the S phase, which signals replication stress and acti-

vates the DDRs [86,96]. As a result, the suspicion is BRCA1-deficient cells preferentially utilize the 

SSA pathway, which depends on RAD52 rather than RAD51 for repair, suggesting that SSA dictates 

cells to avoid recruiting RAD51, thereby partially maintaining genomic stability despite compro-

mised HR. Taken together, it indicates that HR is the preferred DNA repair pathway in BRCA1-pro-

ficient cells because of DNA2-mediated long-range resection, enabling RAD51 recruitment through 

BRCA1, whereas, in BRCA1-deficient cells, SSA, which is initiated by EXO1 in RAD52-dependent 

manner, is preferable. While long-range resection (which can extend over thousands of nucleotides) 

in HR is still disputable, it obviously serves as a key player of both SSA and aNHEJ, highlighting the 

complex interplay between these DNA repair pathways. Interestingly, a recent study has revealed 

has revealed silencing of EXO1 and/or DNA2 significantly downregulate ATR/CHEK1 signaling 

pathway, which leads unreplicated ssDNA gaps, which are repaired by template switching (TS) path-

way, to accumulate, thereby leading to cell death in BRCA1-deficient cells [87]. However, in BRCA1-

proficient cells, knockdown of EXO1 and/or DNA2 does not markedly alter cell survival [87] (See 

Figure 4), suggesting that double knockdown of EXO1 and DNA2 would be a promising therapeutic 

target for BRCA1-deficient cancers.  
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Figure 4. Graphical abstract for the role of EXO1/DNA2 in the regulation of ssNDA gaps in BRCA1-proficient 

cells and BRCA1-deficient cells, following replication stress caused by MMS or HU. In BRCA1-proficient cells, 

EXO1 and/or DNA2 fully activates ATR/CHEK1 signaling pathway, subsequently triggering cell cycle arrest to 

limit the number of unreplicated ssDNA gaps by TS pathway, thereby maintaining cell survival. Also, in BRCA1-

proficient cells with loss of either EXO1 or DNA2, the ATR/CHEK1 signaling pathway is still activated (not full), 

which promotes ssDNA gap repair and cell survival. However, in BRCA1-deficient cancer cells with silencing 

of each of EXO1 or DNA2 or both, ATR/CHEK1 signaling pathway is significantly weakened, which results in 

accumulation of unreplicated ssDNA gaps, thereby leading to cell death. 

3. Other potential components 

The components outlined above are essential in BRCA1-deficient, but not BRCA1-proficient can-

cer cells. So, these findings significantly contribute to the therapeutic development of drug program 

in clinical trials. Besides, we describe the functions of several other proteins on regulating the survival 

of BRCA1-deficient cancer cells, based on the most recently published papers.    

3.1. Role of EEPD1 in BRCA1-deficient cancers   

Exonuclease/Endonuclease/Phosphatase Domain-1 (EEPD1) plays a critical role in addressing 

oxidative stress damage, functioning independently of BRCA1 [97,98]. Oxidative stress occurs due to 

reactive oxygen species (ROS), such as hydrogen peroxide (H2O2) and superoxide (O2
−), which are 

by-products of the mitochondrial electron transport chain [97,98]. ROS has been linked to inflamma-

tion, apoptosis, neurodegenerative diseases, diabetes, carcinogenesis and tumor progression [99]. 

These issues, at least in part, result from ROS-induced DNA damage, particularly during key cellular 

processes like replication and transcription.  

Unresolved oxidative stress poses a substantial threat during DNA replication or transcription. 

Elevated ROS levels lead to the formation of DNA lesions, specifically through the conversion of 

guanine bases into 8-oxo-7,8-dihydroguanine (8-oxoG) [100,101]. This oxidative modification 
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disrupts the structure and function of the replisome-associated ROS sensor, peroxiredoxin 2 (PRDX2), 

ultimately displacing the TIMELESS-TIPIN complex from replication forks [102]. This displacement 

impairs replication fork progression, depletes deoxynucleotide triphosphates (dNTPs), and may 

cause fork arrest [102]. Notably, Naoko and Hisao demonstrated the role of TIMELESS and TIPIN as 

checkpoint mediators critical to S-phase progression and the DNA replication checkpoint [103]. The 

frequency of guanine oxidation to 8-oxoG is estimated to occur between 100 and 500 times per cell 

per day, with a higher occurrence in neuronal cells, linking this damage to neurodegenerative dis-

eases [104]. When an oxidized DNA lesion obstructs a replication fork and remains unresolved, the 

fork may collapse or fuse, resulting in harmful chromosomal end joining, reaffirming the importance 

of resolving oxidative DNA stress. 

Intriguingly, the human base excision repair (BER) pathway provides a means to repair oxida-

tive DNA damage. In BER, damaged bases are recognized and excised by DNA glycosylases, fol-

lowed by an endonucleolytic cleavage 5’ of the resulting abasic or apurinic/apyrimidinic (AP) site, 

primarily via AP-endonuclease 1 (APE1) [105]. APE1 is a multifunctional protein involved in HR, 

and in the context of HR, it facilitates BRCA1-mediated repair while mitigating oxidative stress [105]. 

However, BER and HR mechanisms can operate independently of APE1 and BRCA1, respectively, 

through EEPD1-mediated repair [106]. 

Research by Robert et al., has shown that EEPD1 is recruited to stalled replication forks when 

treated with HU, a DNA synthesis inhibitor that mimics replication stress [98]. Upon binding, EEPD1 

cleaves the lagging parental strand, enabling long-range resection by EXO1 and, in coordination with 

BLM and RAD51, initiates HR [107]. In the context of BER, like APE1, EEPD1 exhibits nucleolytic 

activity, cleaving the 5’ parental strand of a stalled replication fork, thus generating a 3’-OH terminus 

at the AP site [107]. Since EEPD1 has been shown to be recruited to forks stalled by HU, it is reason-

able to propose that EEPD1 may similarly respond to replication forks stalled by ROS-induced dam-

age [107]. 

A study by Aruna et al., demonstrated that when EEPD1 is significantly depleted in human em-

bryonic kidney (HEK293) cells treated with H2O2, there is an increase in stalled replication forks and 

a decrease in replication fork restart events [97]. Of note, this study shows that EEPD1 not only re-

solves oxidative damage at replication forks but also protects ongoing replication if repair mecha-

nisms fail, suggesting that if BER is compromised, alternative pathways involving EEPD1 may re-

solve oxidative insults. While this study did not specifically examine BRCA1's role in BER, previous 

findings on EEPD1's role in replication fork resolution under stress conditions imply that similar 

mechanisms may occur in BRCA1-deficient cells experiencing oxidative stress [98]. 

In summary, EEPD1 functions independently of BRCA1 and is thus a critical factor in DNA re-

pair pathways, potentially offering a therapeutic target for BRCA1-deficient cancers. 

3.2. Role of FANCJ in BRCA1-deficient cancers   

FANCJ, a DNA helicase and interacting partner of the tumor suppressor BRCA1, is vital for the 

repair of DNA interstrand crosslinks (ICL), a highly toxic lesion triggering chromosomal instability 

and interrupting normal transcription [108]. In diploid cells, FANCJ is best characterized to be crucial 

for HR-mediated repair of DSBs; however, its precise role(s) and molecule mechanism(s) have not 

been fully understood. Interestingly, Sanket Awate et al., screened DDR/DNA repair gene targets in 

FANCJ-/- cells, and then found that RAP80, a ubiquitin-binding protein, which recruits BRCA1 and 

other proteins to DSBs for DNA end-processing [109]. This study also showed that loss of FANCJ and 

RAP80 result in severe defects through weakening the maturation of HR repair intermediates as a 

consequence of ICL-induced DNA damage [109]. Besides, FANCJ interacts with FANCD2, a core 

component of Fanconi anemia/BRCA (FA-BRCA) DNA repair pathway. FANCJ is not required for 

FANCD2 activation, yet it necessitates FANCD2 to thoroughly respond to DNA damage [110]. In 

addition, loss of FANCJ does not change FANCD2 transcription; nonetheless, it remarkably enhances 

the proteasome-induced FANCD2 proteolysis, which precisely activates DDR in response to HU-

induced replication fork stalling [110]. FANCD2 mono-ubiquitination is associated with BRCA1 in 
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DNA damage-induced nuclear foci [111], and truncating FANCJ mutations were shown to trigger 

chromosomal instability, genetic disorder Fanconi anemia (FA), and hereditary breast cancer [112], 

indicating that silencing of FANCJ probably enable cancer cells to significantly sensitive to PARPi. 

Nevertheless, whether this hypothesis is correct needs to be further investigated.  

   Ke Cong et al., has shown that FANCJ serves as a key driver of PARP1-induced ssDNA gaps 

and sensitivity during DNA replication in BRCA1 or FANCJ-deficient breast and ovarian cancer cells 

[113]. The loss of FANC1 triggers deactivation of PARP1 through modifying the replisome composi-

tion and/or DNA secondary structures, thereby causing synthetic lethality in FANC1- or BRCA1-

deficient cancer cells [114]. However, PARPi triggered fewer replication gaps compared to those in 

BRCA1-deficient cells [114]. Although not required for PARP1 chromatin localization, FANCJ is im-

portant for maintaining appropriate DNA replication activity of PARP1 and MMP pathway [115]. 

However, whether loss of FANCJ causes cell death in BRCA1-proficient cells has not yet been exam-

ined. Together, these findings apparently provide us some promising clues for the development of 

targeted therapies and precise medicine approaches for treating the patients with BRCA1-deficient 

tumors.    

3.3. Role of USP1 in BRCA1-deficient cancers   

As mentioned above, ubiquitination of PCNA by BARD1 in BRCA1-deficient cancer cells is im-

portant for accelerating continuous DNA synthesis under normal physiological conditions to protect 

the replication fork [84]. An additional component in the role of fork protection, which indirectly 

involves ubiquitinated PCNA (PCNA-ub), is USP1 [116]. Along with USP12 and USP46, USP1 is part 

of the largest deubiquitinating subfamily, ubiquitin-specific protease (USP) [117]. In general, USPs 

cleave the isopeptide bond between ubiquitin and the target protein. By default, USP12, USP46, and 

USP1 are in an inactive state; however, upon binding to the WD40-repeat protein UAF1, USP12, 

USP46, and USP1 become activated [116,118,119]. Notably, this stimulation by UAF1 is not exclusive, 

as USP1 in particular can also be stimulated by binding to DNA. 

Among the many roles of BRCA1 is the protection of the replication fork from degradation. 

However, since BRCA1-deficient cells lack this component, USP1 serves as an essential substitute in 

protection. Research has shown that USP1 is overexpressed in BRCA1-deficient cancer cells com-

pared to other cancer types, suggesting a reliance on USP1 [116]. Thus, the question arises: does USP1 

have a direct interaction with DNA, thereby protecting the replication fork? Lim et al., confirmed this 

by tracking and detecting USP1 localization to the replication fork using iPOND and immunoblotting 

[116]. Prior research has shown that the USP1-UAF1 complex localizes at the replication fork, and 

USP1’s deubiquitinating activity, stimulated by binding, contributes to fork protection by deubiqui-

tinating proteins in the vicinity, including PCNA [119]. 

This contrasts with the claim above that BARD1-mediated ubiquitination of PCNA protects the 

replication fork. Instead, accumulated mono-ubiquitinated PCNA recruits low-fidelity tran-slesion 

synthesis (TLS) polymerases, such as POLK and REV1, to the replication fork, which can lead to fork 

instability [120–123]. USP1 prevents the accumulation of mono-ubiquitinated PCNA through its 

deubiquitinating activities. Lim et al., confirmed the toxicity of USP1 knockdown in BRCA1-deficient 

cells, which resulted in decreased viability due to increased fork instability and degradation from 

accumulated mono-ubiquitinated PCNA, as shown by colony formation and fork stability assays 

[116]. In USP1-deficient cells with functional BRCA1, these phenotypes are not observed. Nonethe-

less, it should be noted that Lim et al., studied only the mono-ubiquitinated form of PCNA, leaving 

it unclear whether poly-ubiquitination might affect USP1’s efficiency [116]. Therefore, the hierarchy 

of fork protection in PCNA-ub is uncertain, with both USP1’s deubiquitination activity and BARD1-

mediated ubiquitination of PCNA suggesting roles in replication fork protection. 

Overall, in both BRCA1-deficient and normal cells with functional USP1, cell survival is main-

tained. In contrast, in BRCA1-deficient and USP1-deficient cells, cell viability decreases. Replication 

fork protection is critical in these circumstances: despite the loss of BRCA1, cells with functional USP1 

persist, though with reduced replication fork protection. However, the absence of both BRCA1 and 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 February 2025 doi:10.20944/preprints202502.0062.v1

https://doi.org/10.20944/preprints202502.0062.v1


12 of 20 

USP1 genes results in significant replication fork degradation, leading to lower cell viability. Con-

versely, in cells with normal BRCA1 expression but lacking USP1, cell viability and replication remain 

normal. 

Lim et al., noted that targeting and inhibiting USP1 with ML323 results in decreased viability of 

BRCA1-deficient cancer cells [116]. Previously, ML323 was reported to block FANCD2 deubiquitina-

tion, increasing sensitivity to cisplatin [124]. Thus, targeting USP1 or potentially any deubiquitinating 

enzyme involved in replication fork protection could be an effective therapeutic strategy against 

BRCA1-deficient cancers without affecting normal cells. This approach is innovative, as it allows for 

specific targeting between cancerous and normal cells. 

4. Discussion 

BRCA1, accompanied by its interacting partners BRCA2 and BARD1, is widely recognized as an 

essential component in the maintenance of genome stability and DNA repair. BRCA1 is best charac-

terized to be one of the core components for multiple DNA repair mechanisms, consisting of HR, 

SSA, BER, and NHEJ [125–128]. These pathways are essentially required for a range of DNA damage 

types, from SSBs to complex DSBs. Multifaceted role(s) of BRCA1 in such pathways is crucial for 

protecting cells genomic instability—a hallmark of many cancers. 

The loss of BRCA1 is believed to compromise the efficacy of DNA repair, leading these cells to 

be more sensitive to DNA damage. However, BRCA1-deficient cells rely upon other pathways to 

compensate for the defects in BRCA1-mediated DNA repair pathways. These compensatory path-

ways exert a variety of DNA repair components such as TATDN2, TERRA, BARD1, EXO1, and 

FANC1 for alternative repair pathways such as NHEJ pathways including classical and alternative. 

Each of these proteins contributes to different facets of the repair process, from controlling telomeric 

stability (as seen with TERRA) to processing DNA ends (EXO1) and facilitating chromatin remodel-

ing (FANCJ). The coordinated action of these proteins reflects an intricate web of interactions, redun-

dancy, and co-dependence. These proteins functionally work in a concerted manner, filling gaps left 

by the primary repair pathway and establishing a compensatory framework to preserve genomic 

stability to a degree. Depending upon secondary DNA repair components highlights an adaptive 

evolution under selective pressure. The evolutionary pressure exerted by BRCA1 deficiency leads to 

an increased reliance on alternative pathways, which become more active and sometimes upregu-

lated in response to the genomic challenges presented by cancer. This adaptation allows cancer cells 

not only to survive but also to evolve under conditions that would otherwise limit proliferation and 

survival such as inhibitors and the emergence of proteolysis targeting chimeras (PROTACS). 

In summary, loss of BRCA1 does not equate to a straightforward defect in DNA repair pathways; 

instead, it illustrates a dynamic shift toward a new equilibrium for which alternative repair compo-

nents and/or pathways compensate. This compensatory mechanism, however, often lacks the preci-

sion of BRCA1-mediated repair, potentially leading to an accumulation of mutations that drive fur-

ther tumorigenic changes. Understanding of these compensatory pathways gives us not only a com-

prehensive outlook on how BRCA1-deficient cancer cells survive and proliferate, thereby contrib-

uting to the establishment of drug development program, which targets the secondary DNA repair 

pathways as well as development of potential therapeutic treatments in patients with BRCA1-defi-

cient tumors.  
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