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Abstract

DNA double-strand breaks (DSBs) are cytotoxic lesions that threaten genomic integrity. Failure to 

repair a DSB has deleterious consequences, including genomic instability and cell death. Indeed, 

misrepair of DSBs can lead to inappropriate end-joining events, which commonly underlie 

oncogenic transformation due to chromosomal translocations. Typically, cells employ two main 

mechanisms to repair DSBs: homologous recombination (HR) and classical nonhomologous end 

joining (C-NHEJ). In addition, alternative error-prone DSB repair pathways, namely alternative 

end joining (alt-EJ) and single-strand annealing (SSA), have been recently shown to operate in 

many different conditions and to contribute to genome rearrangements and oncogenic 

transformation. Here, we review the mechanisms regulating DSB repair pathway choice, together 

with the potential interconnections between HR and the annealing-dependent error-prone DSB 

repair pathways.

Mechanisms of DNA DSB Repair

Detection and faithful repair of damaged DNA is essential for genome integrity. Many types 

of DNA lesions impede replication fork progression, resulting in replication fork collapse 

and DSB formation with loss of physical continuity of the genome [1]. The repair of DSBs 

involves four possible mechanisms (Figure 1). The first mechanism is C-NHEJ. In this 

mechanism, the DSB is repaired by blunt end ligation independently of sequence homology, 

but requiring many factors such as Ku70/80, DNA-PKcs, and DNA ligase IV (Figure 1A). 

C-NHEJ can occur throughout the cell cycle but is dominant in G0/G1 and G2 [2,3]. Despite 

the mutagenicity of C-NHEJ, its fast kinetics has a clear role in protecting genome integrity, 

notably by suppressing chromosomal translocations, at least for the majority of repair events 

[4]. Alternatively, the DSB end can be resected, leaving 3′ single-stranded DNA (ssDNA) 

overhangs. The resected DSB can be repaired by three possible mechanisms: HR, SSA, and 

alt-EJ. HR predominates in the mid-S and mid-G2 cell cycle phases, where the amount of 

DNA replication is highest and when the sister template is available [3]. Because HR uses a 

sister or homologous chromatid for repair, it requires strand invasion mediated by the 

recombinase RAD51 and the process is typically error-free even though completion of HR 

often requires error-prone polymerases (Figure 1B) [5]. The resected DSB can also be 
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repaired by mutagenic repair pathways, namely SSA or alt-EJ. SSA mediates end joining 

between interspersed nucleotide repeats in the genome and involves reannealing of 

Replication Protein A (RPA)-covered ssDNA by the RAD52 protein. Although this is 

homology-directed repair, one copy of the repeat and the intervening sequence between the 

repeats are deleted in the repair product, thus resulting in loss of genetic information (Figure 

1C) [5].

In recent years, the notion of an alt-EJ pathway in addition to C-NHEJ has become more 

evident [6]. The use of alt-EJ for DNA DSB repair has been described in various cellular 

contexts, but the mechanistic details of this pathway remain unclear. The use of alt-EJ for 

repairing DSB has harmful consequences on genomic integrity because of its apparent 

predilection for joining DSBs on different chromosomes, thereby generating chromosomal 

translocations and mutagenic rearrangements (Figure 1D) [7,8]. Early evidence for alt-EJ 

came from studies showing that yeast and mammalian cells deficient in C-NHEJ were still 

able to repair DSBs via end joining [6]. Further evidence for an alternative end-joining 

pathway arose from the observation that mice deficient in C-NHEJ still exhibited 

chromosomal translocations and V(D)J recombination [9]. Molecular characterization of this 

alt-EJ activity in cells lacking C-NHEJ revealed that the XRCC1/DNA ligase III complex 

and the PARP1 polyribosylating enzyme were involved [10]. Initially, alt-EJ was considered 

merely a backup repair pathway for C-NHEJ for end joining of chromosomal DSBs in the 

context of V(D)J recombination because of its error-prone nature and its original detection 

only in the absence of C-NHEJ [11]. Subsequent studies, however, have demonstrated that 

alt-EJ might have a more primary role in repairing endogenous chromosomal DSBs, 

depending on the biological context [6].

Role of End Resection in DSB Repair Choice

Given that three of the pathways diverge at the early step of end resection and have different 

outcomes (Figure 1), it is likely that end resection dictates pathway choice and repair 

outcome [12]. The initial phase of end resection, called ‘end clipping’, is carried out by the 

structure-specific nuclease MRE11 and CtIP. In this phase, a relatively small number of base 

pairs (i.e., 20 bp in mammalian cells or 100–300 bp in yeast) are processed, making the 

DNA ends available for alt-EJ [13,14]. In the second phase of end resection called ‘extensive 

resection’, helicases and exonucleases (i.e., DNA2, BLM, WRN, CtIP, and EXO1) generate 

long stretches of ssDNA, thereby committing the cells to HR or SSA [12,15].

The cell cycle phase plays a crucial role in the pathway choice decision, and end resection is 

promoted by cyclin-dependent kinases (CDKs) through the phosphorylation of multiple 

substrates (Figure 2). S-CDK-mediated phosphorylation of both the budding yeast nucleases 

Dna2 and Sae2 (CtIP homolog) promotes efficient end resection [16]. The parallel process in 

mammalian cells involves CDK-dependent CtIP phosphorylation, favoring the CtIP–BRCA1 

interaction in the S/G2 phases (Figure 2) [17,18], although the requirement of this 

interaction for end resection remains controversial [19]. In addition, CDK-dependent 

phosphorylation of EXO1 promotes end resection, while impairment of EXO1 

phosphorylation attenuates resection, cell survival, and HR, but increases NHEJ activity 

upon DNA damage [20]. Consistent with these results, resection of DSB ends is greatly 
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reduced in noncycling cells, thereby favoring C-NHEJ over resection-dependent repair 

pathways (HR, alt-EJ, and SSA) [12].

Other post-translational modifications (PTMs) have also been implicated in the regulation of 

end resection. For example, acetylation appears to inhibit end resection in budding yeast, 

while sumoylation promotes it [21,22]. Some of the relevant substrates have also been 

identified. These include Sae2, Mre11, Sgs1, and Exo1 in yeast, and BLM and CtIP in 

human cells [21,23]. A recent study has revealed that RNF111/UBE2M-mediated 

neddylation acts as an inhibitor of BRCA1 and CtIP-mediated DNA end resection [24]. 

Additionally, BRCA1, which forms a complex with CtIP and the MRN complex (MRE11, 

RAD50, and NBS1), and thus plays a crucial role in promoting DSB end resection [25], has 

been shown to be modified through polyribosylation by PARP1, which has been suggested 

to play key roles in regulating HR levels [26].

Accessory factors also contribute to repair pathway choice via modulation of end resection. 

For instance, the balance between BRCA1 and 53BP1 modulates pathway choice by either 

promoting or preventing end resection. 53BP1 blocks DNA resection by preventing CtIP 

from accessing DNA ends. Thus, 53BP1 directs repair through C-NHEJ (Figure 2), which is 

upregulated in BRCA1-null cells [27]. This end protection function of 53BP1 depends upon 

its phosphorylation by activated Ataxia Telangiectasia Mutated (ATM), which promotes the 

recruitment of interacting factors Rif1 and PTIP, and subsequent recruitment of downstream 

nucleases such as Artemis [28–31]. The resection inhibition function of 53BP1 appears to 

limit mutagenic C-NHEJ over physiological C-NHEJ, which is required for proper 

immunoglobulin class switch recombination (CSR) [32]. However, when Rif1 or 53BP1 are 

knocked out, DSBs are extensively resected and not repaired by C-NHEJ, resulting in 

persistent chromosome breaks and genomic instability [4,33]. More recently, REV7 was also 

shown to promote C-NHEJ by inhibiting DNA end resection downstream of Rif1 [34,35]. 

Loss-of-function mutations in factors controlling end resection (such as 53BP1 and REV7) 

result in reduced C-NHEJ and restore DNA end resection, which then favors HR activity and 

induces PARP inhibitor (PARPi) resistance of BRCA1-deficient cells.

Factors such as the MRN complex, BRCA1, and ATM function in both C-NHEJ and HR. 

This link among the MRN complex, ATM, and end resection provides a possible regulatory 

mechanism for resection-dependent repair pathways (Figure 2). ATM recruits and 

phosphorylates all members of the MRN complex [36], which subsequently leads to ATM-

dependent phosphorylation of other HR components, including BRCA1 [37], CtIP, EXO1, 

and BLM, and promotes efficient DSB resection [38,39]. It is tempting to speculate that 

ATM, which is directly involved in HR regulation, might also be a crucial regulator of the 

end resection-dependent error-prone DSB repair pathways (Figure 2) [6].

While end resection in DSB repair has been extensively described in yeast, less is known 

about this process in other eukaryotic cells, despite its obvious importance in repair pathway 

choice and outcome. With the development of new approaches and techniques for the study 

of end resection in human cells, it is likely that more complex regulatory mechanisms in this 

system will be uncovered.
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Homologous Recombination Control: The RAD51 Hub in Homology-Based 

Repair Pathway Choice

Once end resection has occurred, the C-NHEJ repair pathway is prevented and any of the 

three homology-based pathways, that is, SSA, alt-EJ, and HR, can be invoked. Usage of 

these pathways can be affected by regulation of and competition with the RAD51 

presynaptic and postsynaptic steps. We focus on positive and negative regulators of RAD51 

function. Upon DNA damage induction, the RPA complex initially competes with RAD51 

for ssDNA binding in yeast and mammals [17,40]. However, RPA has also a pro-

recombinogenic role once RAD51 is loaded onto ssDNA, since it favors presynaptic 

nucleofilament formation by eliminating secondary structure formation and by protecting 

DNA ends from degradation [41]. Moreover, RPA binding to resected DNA prevents 

spontaneous annealing between microhomologies, suggesting a step of regulation for 

microhomology-mediated repair [42]. RPA also regulates SSA, as SSA requires RPA 

binding to ssDNA and is independent of RAD51 in both yeast and humans.

Positive Regulators of HR

Some accessory protein mediators positively regulate RPA displacement, RAD51 

nucleofilament formation, and strand exchange activity: the most important are the RAD51 

paralogs, BRCA2, and RAD52. BRCA2 is the main mediator of RAD51 nucleofilament 

formation and strand exchange in mammalian cells, through a series of eight evolutionarily 

conserved motifs, which are called the BRC repeats. BRCA2 BRC domains promote 

RAD51 loading onto ssDNA by disrupting self-assembled RAD51 oligomers and favoring 

one-to-one binding of RAD51 monomers instead. BRCA2 binding stabilizes the ATPase 

activity of RAD51, thereby supporting the ssDNA binding activity of RAD51. In a second 

step, the BRCA2 C-terminal domain binds to RAD51 oligomers in the context of the 

RAD51–ssDNA helix [43], thus promoting nucleofilament growth and participating in 

strand invasion [44,45]. In yeast, which does not possess BRCA2, an analogous 

recombinogenic function appears to be carried out by Rad52.

Negative Regulators of HR

Conversely, many factors negatively regulate RAD51 nucleofilament formation to ensure 

strand exchange regulation, thus avoiding hyper-recombination and crossover (CO)-driven 

rearrangements. Yeast Srs2 was the first characterized negative regulator of Rad51 function. 

The Srs2 DNA helicase removes Rad51 from presynaptic filaments through an ATP-

hydrolyzing activity coupled to DNA unwinding (Figure 3) [46,47]. In mammalian cells, the 

helicase and Proliferating Cell Nuclear Antigen (PCNA)-interacting factor, PARI, has been 

shown to dismantle RAD51 nucleofilaments in a process that requires ATP hydrolysis 

(Figure 3) [48]. More recently, the polymerase Polυ was shown to act at the presynaptic step 

as an antirecombinase. Even though Polυ is not able to displace RAD51 already bound to 

ssDNA, Polυ can still limit the formation of RAD51 nucleofilaments in a mechanism that 

requires binding to RAD51 and ATP hydrolysis (Figure 3) [49]. Interestingly, Srs2, PARI, 

and Polυ can also promote error-prone repair mechanisms such as alt-EJ, translesion 

synthesis (TLS), or SSA [50–53].
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Analogous antirecombinogenic activities are shown by several mammalian helicases, 

including the RecQ helicases. RECQL5 disrupts RAD51 filaments in an ATP-dependent 

manner and through some BRC-like domains [54,55]. While limiting HR, RECQL5 

counteracts the inhibitory effect of RAD51 on RAD52, thus promoting synthesis-dependent 

strand annealing (SDSA), which limits COs [56]. Deletion of RECQL5 in Fanconi anemia 

(FA) cells increases genomic instability, suggesting that RECQL5 in the HR-deficient 

context can induce compensatory repair mechanisms crucial for survival [57]. Another RecQ 

helicase, BLM, similarly inhibits the early recombinogenic step of displacing RAD51 from 

ssDNA in an ATP-dependent manner [58]. Two recent studies uncovered a dual role for 

BLM in DSB repair: BLM can repress alt-EJ in a manner epistatic with 53BP1 and Rif1; 

conversely, in the absence of 53BP1 or Rif1, BLM can also favor alt-EJ [59,60]. Apart from 

these two RecQ helicases, the FANCJ and FBH1 helicases also promote disassembly of the 

RAD51 nucleofilament [58,61]. Even though deletion of FBH1 in chicken DT40 cells 

causes an elevated rate of sister chromatid exchange (SCE), it remains unclear whether 

FBH1 can promote error-prone DSB repair [62].

Even after RAD51 nucleofilament formation, HR can be modulated at the level of strand 

exchange. D-loop displacement by specific DNA helicases during DSB repair prevents CO 

events. This is favored during mitosis, when imprecise chromatid exchange could cause 

translocations [63]. The helicase RTEL1 efficiently drives D-loop disassembly through an 

ATP hydrolysis-dependent mechanism [64]. FANCM can similarly disrupt RAD51 coated 

D-loops [65]. While RTEL1 and Mph1 (the yeast FANCM homolog) inhibit HR, they also 

promote SDSA-mediated non-CO product formation [66,67]. Depletion of these factors 

causes accumulation of RAD51 foci and higher rates of SCE.

After strand exchange, RAD51 is removed from double-stranded DNA (dsDNA), which is 

pivotal for the downstream steps of strand extension, junction resolution, and chromatin 

reassembly. ATM, which is known to be a crucial regulator of the presynaptic HR, also 

regulates the last steps in HR, possibly through RAD54 activation [68]. The HELQ helicase 

removes RAD51 from dsDNA and promotes strand extension in an ATP-independent 

manner [69,70]. Altogether, these findings reinforce the centrality of RAD51 in pathway 

choice control for DSB repair, both in the modulation of non-HR pathways and in the tight 

control of HR repair steps.

Annealing-Dependent DSB Repair

Connection between HR and alt-EJ

alt-EJ functions in S phase independently of C-NHEJ factors and, until recently, was 

considered a backup repair pathway for C-NHEJ for joining chromosomal DSBs, 

particularly during V(D)J recombination [2,71,72]. However, recent advances have shown 

that the alt-EJ and HR pathways compete for the repair of DSBs [49,73]. While both alt-EJ 

and HR share a common initial resection mechanism [8], processing of resected ends in HR 

is catalyzed by the eukaryotic RecA homolog, RAD51, while PARP1 is thought to mediate 

annealing at microhomologies for alt-EJ [74–76]. In HR, RAD51 forms a filament on 

ssDNA that drives strand exchange with a homologous template. PARP1 has been proposed 

to serve as a platform for recruiting alt-EJ repair factors, such as TLS polymerases, to 
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microhomology sequences flanking the break [74–76]. Modulation of RAD51 or PARP1 

function through genetic or chemical means affects HR and alt-EJ levels, respectively. For 

example, the budding yeast Srs2 helicase disrupts the Rad51–ssDNA presynaptic 

nucleofilament in vitro, and has been implicated in the prevention of undesirable HR [46,77] 

and promotion of efficient alt-EJ [50]. Interestingly, deletion of Srs2 also reduces SSA 

frequency [51], suggesting that Srs2 sits at the crossroads of HR and annealing-dependent 

DSB repair. Chemically inhibiting PARP1 function with PARPi in cells compromised for 

HR repair confers synthetic lethality [78,79], suggesting that PARP1-mediated alt-EJ 

compensates for the HR deficiency of these cells. It is to be noted, however, that PARPi 

likely inhibits other PARP family members and, thus, this synergistic relationship could be a 

compound effect on alt-EJ. Interestingly, PARP3, another PARP family member, is an 

important player in the cellular response to DSBs, silencing of which has recently been 

shown to decrease HR efficiency while enhancing end resection and mutagenic alt-EJ [80]. 

Also, recent studies indicate a synthetic lethal interaction between PARP1 and PARP2. 

Indeed, parp1−/− parp2−/− mice display embryonic lethality showing that these proteins have 

overlapping and nonredundant functions in the maintenance of genomic stability [81].

Recently, a competitive relationship between alt-EJ and HR in human cells has been 

demonstrated. Polυ (encoded by POLQ), a TLS polymerase that functions in alt-EJ, inhibits 

HR by binding to RAD51 and inhibiting RAD51 nucleofilament formation in a mechanism 

that require its ATP hydrolysis and binding to RAD51 [49]. This is consistent with a study in 

Drosophila showing that spn-A (homolog of human RAD51) mutants were sensitive to 

ionizing radiation (IR), and that loss of mus308 (homolog of human Polυ) increases spn-A 

mutant sensitivity to radiation [75]. It is tempting to speculate that by preventing RAD51 

assembly on ssDNA, Polυ limits RAD51 toxicity (a possible consequence of RAD51 

overexpression) [82]. At the same time, Polυ can perform alt-EJ through direct binding of 

resected DSBs in a process that depends on an evolutionarily conserved loop domain. This 

process allows pairing of microhomologies. Thereafter, Polυ can extend each strand from 

the base-paired region using the opposing overhang as a template (Figure 4) [83,84]. 

Interestingly, Polυ is upregulated in HR-deficient ovarian and breast cancers, suggesting that 

alt-EJ can serve as a backup pathway for the repair of DSBs when HR is defective. When 

depleted of Polυ, HR-deficient cells became hypersensitive to cytotoxic agents and embryos 

from crossbred HR-deficient and Polυ-deficient mice were not viable, demonstrating a 

synthetic lethal relationship between HR and Polυ-mediated alt-EJ [49,73]. Accordingly, the 

generation of small molecule inhibitors of Polυ activity may offer a new potential 

therapeutic approach for cancers with inactivated HR.

While the alt-EJ factor Polυ inhibits HR, a recent study suggests that many HR factors, 

including FA proteins, promote alt-EJ [85]. However the function of these proteins in alt-EJ 

is not completely known. Expression of FANCD2, a key regulator of the FA interstrand 

crosslink (ICL) repair pathway, directly correlates with Polυ, suggesting common regulatory 

mechanisms [49]. Moreover, recent studies have shown that FANCD2 directly interacts with 

CtIP, and is essential for efficient end resection during ICL repair [86,87]. As CtIP is a key 

node in the regulation of end resection that in turn dictates the balance among HR, alt-EJ, 

and SSA, it is tempting to speculate that factors interacting with CtIP could directly 

influence repair pathway choice in a context-dependent manner. Altogether, these findings 
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confirm the notion of multilevel connections between HR and alt-EJ, and demonstrate that 

some factors can function in several repair pathways, suggesting multiple avenues of 

regulation.

Connections between HR and SSA: Is RAD52 the Sole Mediator?

As opposed to HR, the SSA pathway is unique in that it does not require a donor sequence; 

thus, SSA does not entail strand invasion and is independent of RAD51 [88]. Instead, SSA 

uses the resected ends to anneal exposed complementary sequences to complete repair. The 

steps of SSA have been elucidated in budding yeast. Rad52, in complex with the 

homologous Rad59 protein, binds to the exposed repeats flanking the DSB and promotes 

their annealing. This annealed complex is thought to be stabilized by the Msh2–Msh3 

mismatch repair proteins, and the nonhomologous 3′ flaps are cleaved by the Rad1–Rad10 

endonuclease in a mechanism dependent on the Saw1 and Slx4 proteins. Studies in 

mammalian cells have demonstrated the involvement of the mammalian homologs of Rad52 

(RAD52) and Rad1–Rad10 (ERCC4–ERCC10) in SSA [17]. However, additional 

components of this pathway in higher eukaryotic systems remain unknown. For example, 

there is no clear mammalian Saw1 homolog, although a recent study has proposed that the 

ICL repair sensor UHRF1 is a functional homolog [89]. It will be interesting to test whether 

UHRF1 and SLX4 are required for mammalian SSA. Additionally, the absence of yeast 

Rad52 confers very severe defects and radiosensitization due to its involvement in all HR 

subpathways, both Rad51-dependent and Rad51-independent [5]. On the contrary, in 

organisms possessing a BRCA2 homolog (Ustilago maydis, chicken, human, and mice), 

RAD52 inactivation causes minimal DNA repair defects [90]. These observations raise the 

question as to whether RAD52 has limited HR function in BRCA2-containing organisms.

Regardless of these differences, both lower and higher eukaryotic cells show competition 

between HR and SSA for the repair of DSBs. For example, Rad51 prevents Rad52-mediated 

annealing of complementary ssDNA in yeast [91,92], and RAD51 inhibition in mammalian 

cells upregulates RAD52-mediated SSA activity [17]. Moreover, even though RAD52 

deficiency in mammals had no impact on cell growth and viability in HR-proficient cells, 

loss of RAD52 function was found to be synthetically lethal with deficiency in some HR 

factors (BRCA1, PALB2, and BRCA2) [93].

The mechanism by which loss of RAD52 increases genomic instability in HR-deficient cells 

is unclear, but evidence suggests that RAD52 maintains RAD51-dependent homology-

directed gene conversion in BRCA1/2-deficient cells [93]. Whether BRCA-deficient tumors 

become dependent on SSA, and whether SSA activity is increased by loss of HR, remain 

under debate and an understanding of SSA usage, particularly in HR-deficient tumors, could 

uncover novel targets for anticancer therapy. These findings call for another look at RAD52 

and its relationship with HR in vertebrates. Indeed, the reduction in the development of T-

cell lymphomas in ATM-deficient mice by the RAD52 single knockout indicates a 

significant in vivo function for mouse RAD52 [94]. Surprisingly, similar results were 

obtained when ATM-deficient mice were crossbred with POLQ-deficient mice. The double 

mutant mice displayed a delayed onset of T-cell lymphomas, significantly increasing mouse 
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survival [95]. These observations raise the question of whether POLQ or RAD52 is 

predominantly used for DNA repair upon a HR deficiency in humans and mice.

Annealing-Dependent DSB Repair Outcomes and Their Mutational 

Signatures

As the repair of DSBs, via annealing-dependent pathways, introduces insertions and/or 

deletions (Figure 5), one can predict that the use of such DNA repair mechanisms will leave 

behind a particular genomic signature, or ‘genomic scar’, distinct from that of HR-mediated 

repair, which usually preserves genomic integrity. As modern next-generation sequencing 

technologies can rapidly identify cancer risk alleles of many genes, genome-wide 

sequencing and loss of heterozygosity (LOH) profiling have detected specific mutation 

profiles indicative of a HR defect [96–98]. A large proportion of breast and ovarian cancers 

is attributable to inherited risk conferred by mutations in DNA repair genes, including 

BRCA1/2, FA genes, or the DNA mismatch repair genes. The utility of this approach lies in 

the enhanced sensitivity of some HR-deficient tumors to certain drugs, such as PARPi. 

Indeed, Tutt and colleagues recently showed that copy number aberrations are more 

prevalent in a subgroup of breast cancers (namely basal-like breast cancers) that respond to 

platinum-based chemotherapy, thus providing a candidate predictive biomarker for this 

disease [99].

Despite our improved understanding of the genetic and molecular features of cancer cells, 

the association between tumor genomic features (such as HR deficiency) and clinically 

relevant endpoints (such as disease response and patient outcome) is not well established 

[100]. This is partly because the current ‘HR-deficient genetic signature’ is not inclusive. 

For instance, nearly 20% of ovarian serous carcinoma and basal-like breast cancers that are 

deficient in HR-mediated repair do not have mutations in BRCA1/2 genes, suggesting that 

not all deleterious HR mutations have been identified. An important step forward would be 

the identification of other genomic signatures in the absence of known HR biomarkers (such 

as BRCA status) to more comprehensively define HR deficiency. A clue in this direction is 

the observation that BRCA1/2 mutant tumors have an obvious mutational spectrum. Indeed, 

the current HR-deficient genetic signature (or signature 3) associates strongly with elevated 

numbers of large (longer than 3 bp) insertions and deletions with overlapping 

microhomology at breakpoint junctionsi. As the mutagenic alt-EJ and SSA pathways play 

backup roles for HR [49,73,93], and copy number aberrations in HR-deficient basal-like 

breast cancers promote the use of these error-prone pathways, repair through alt-EJ or SSA 

could account for the characteristic mutational spectra observed in all HR-deficient tumors.

In alt-EJ, the fill-in synthesis is likely mediated by the Polυ polymerase, which is error-

prone and likely produces point mutations, as well as random insertions and deletions 

(indels) [101]. Indeed, upregulation of budding yeast Polυ appears to generate random 

deletions or insertions of 20–200 bp [76]. Thus, the use of alt-EJ, which could be indicative 

of HR deficiency, is likely to leave a mutational signature, composed of indels at sites of 

iResources
http://cancer.sanger.ac.uk/cosmic/signatures
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microhomology-mediated repair (10 bp) (Figure 5). As HR deficiency also appears to 

enhance SSA activity, determining the SSA mutational signature would also aid in 

identifying HR-deficient tumors. Based on the literature and studies in yeast, the predicted 

mutational signature resulting from upregulated SSA would be large deletions at sites with 

long homology repeats (30 bp) (Figure 5). Thus, characterizing the mutational signature 

associated with the use of alt-EJ and SSA may help to expand the current list of HR-

deficient genetic signatures, with the ultimate goal of establishing more accurate and 

comprehensive associations between particular genomic features and relevant clinical 

endpoints, potentially leading to the identification of novel clinical biomarkers to more 

confidently direct anticancer treatment choice and/or predict patient outcome.

Concluding Remarks

Here, we have reviewed the current knowledge regarding pathways used for the repair of 

DSBs through the lens of clinical applications. We have discussed regulation of the four 

known DSB repair pathways and how error-prone DNA repair pathways can compensate for 

the loss of HR. Understanding the basic regulation of DNA repair mechanisms has led to 

advances in synthetic lethality-based drug development. For several decades, significant 

effort has focused on identifying unique oncoproteins or pathways that could serve as targets 

for designer therapeutic agents. Despite several notable successes using this approach, first-

generation drugs such as cisplatin that nonspecifically damage DNA continue to comprise 

the backbone of most anticancer therapeutic regimens. As large-scale genomic studies begin 

to define the mutational status of individual DNA repair pathways in tumors, it may become 

possible to rationally select DNA damaging agents based on tumor repair pathway 

mutations, thus allowing available DNA damaging agents to be used in a ‘designer’ manner. 

Consistent with key roles for DNA repair pathways in preventing oncogenesis, their 

inactivation can lead to many cancer predispositions (e.g., BRCA1/2 mutations in the early 

onset of breast/ovarian, prostate, and pancreatic cancers). Indeed, cancer cells often have at 

least one defective DNA repair pathway [102], and a significant proportion of cancers 

(especially breast and ovarian cancers) demonstrate defects in DNA repair genes, including 

many in the HR pathway [103]. This situation is ripe for targeted therapy, which is based on 

the principle that when tumor cells are deficient in a particular DNA repair pathway, this 

deficiency is compensated for by the activation of a second pathway. The tumor is thus 

dependent on this alternative pathway for survival, inhibition of which will specifically kill 

the malignant cells (synthetic lethality) with little effect on normal cells [102]. The genetic 

concept of synthetic lethality provides a framework for the design of novel therapeutic 

approaches to cancer. Already, there are promising indications from clinical trials that this 

approach could be beneficial when PARPi are given to patients with germline BRCA1 or 

BRCA2 gene mutations [78,104]. PARP1, inhibition of which is synthetic lethal with a 

deficiency in HR, is also known to participate in a variety of cellular processes including the 

repair of DSBs through alt-EJ. Therefore, error-prone DSB repair pathways may be one 

process that is key for the viability and proliferation of HR-deficient cells. This highlights 

the importance of studying DSB repair pathways and determining their composition, 

mechanism, and regulation. Such studies would uncover new targets for drug development 
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and new synthetic lethal opportunities that can be assessed in the clinic (see Outstanding 

Questions).
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Trends

Of the four known pathways for repairing DNA DSBs, some evolved towards high-

fidelity processes (HR and C-NHEJ), while others are intrinsically mutagenic (alt-EJ and 

SSA).

Some repair pathways are end resection-independent (C-NHEJ), while others are end 

resection-dependent (HR, alt-EJ, and SSA). End resection likely plays a key role in 

dictating DNA repair pathway choice.

Homology-based repair pathways (HR, alt-EJ, and SSA) are competitive and mutually 

regulated around the RAD51 presynaptic and postsynaptic steps of HR.

Error-prone repair pathways can compensate for the loss of HR. Polυ (an alt-EJ 

polymerase) is upregulated in HR-deficient cancers: loss of the HR and Polυ-mediated 

alt-EJ pathways is synthetic lethal.
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Outstanding Questions

How does end resection control DNA repair pathway choice for DNA DSBs? What are 

the crucial players regulating end resection in human cells? How are these players 

regulated? Are they differentially regulated upon the loss of HR?

How do the annealing-dependent DSB repair pathways (SSA and alt-EJ) compensate for 

the loss of HR? Which alternative pathway is dominant? What functions of SSA or alt-EJ 

are crucial for the survival of HR-deficient cells? What triggers the use of SSA versus alt-

EJ upon the loss of HR?

What is the relevance of a genomic signature resulting from the use of SSA and/or alt-EJ 

genomic signature? Would the evaluation of these signatures, in combination with the 

current HR-deficient genomic signature, allow for a better assessment of HR defects and 

cancer patient outcome.
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Figure 1. Four Approaches to Repair DNA Double-Strand Breaks (DSBs)
(A–D) The repair of DNA DSBs relies primarily on whether DNA end resection occurs. 

When resection is blocked, repair through C-NHEJ is favored. However, when DNA 

resection occurs, three pathways (HR, alt-EJ, and SSA) can compete for the repair of DSBs. 

Indeed, there are two layers of competition for the repair of DSBs. Initially at the stage of 

end resection, C-NHEJ competes with the resection-dependent pathways. Secondly, once 

resection has occurred, HR, alt-EJ, and SSA can compete for the repair. Notably, each of the 

four repair pathways lead to different genetic outcomes (LOH, deletions, insertions) and the 

fidelity of the repair mechanism is mentioned for each pathway. Abbreviations: nt, 

nucleotides; LOH, loss of heterozygosity; C-NHEJ, classical nonhomologous end joining; 

HR, homologous recombination; alt-EJ, alternative end joining; SSA, single-strand 

annealing.
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Figure 2. Mechanisms Regulating DNA End Resection in Mammalian Cells and Their Influence 
on DNA Repair Pathway Choice
The cell cycle controls the competition between C-NHEJ and resection-dependent repair 

pathways. Extensive end resection is stimulated in the S/G2 phase of the cell cycle in a 

manner that depends on CDK activity, which mediates phosphorylation of multiple 

substrates, such as components of the MRN complex and CtIP. In the G1 phase of the cell 

cycle, 53BP1 and Rif1 proteins localize to DSBs, inhibit BRCA1 recruitment, block DNA 

end resection thus promoting C-NHEJ. In the S and G2 phases of the cell cycle, the ATM 

kinase, which phosphorylates members of the MRN complex, BRCA1, CtIP, or BLM favors 

the three resection-dependent DSB repair pathways (HR, alt-EJ, or SSA). However, recent 

evidence also suggests that alt-EJ could occur in G1 [105]. Abbreviations: ATM, Ataxia 

Telangiectasia Mutated; CDK, cyclin-dependent kinase; DSBs, double-strand breaks; MRN, 

MRE11, RAD50, and NBS1; C-NHEJ, classical nonhomologous end joining; HR, 

homologous recombination; alt-EJ, alternative end joining; SSA, single-strand annealing.

Ceccaldi et al. Page 18

Trends Cell Biol. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Regulation of RAD51-Mediated Recombination
During the HR process, once resection occurs, homology search and DNA-strand invasion 

generate D loops, a key intermediate for all subpathways of HR. This reaction catalyzed by 

RAD51 is negatively controlled at different levels. At the presynaptic level, Polυ prevents 

RAD51 nucleofilament formation. Postsynaptically, many proteins such as yeast Srs2 or 

human PARI, RECQL5, and BLM are able to dismantle formed RAD51 nucleofilaments. 

Additionally, HR can also be regulated at the level of strand exchange by RTEL1- or 

FANCM-mediated D-loop displacement. Concomitantly, players that negatively regulate HR 

promote DSB repair through alternative error-prone mechanisms such as alt-EJ or SSA. 

Abbreviations: CO, crossover; SDSA, synthesis-dependent strand annealing; TLS, 

translesion synthesis; SSA, single-strand annealing; alt-EJ, alternative end joining; DSB, 

double-strand break; HR, homologous recombination.
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Figure 4. Polυ Regulates the Balance between Homologous Recombination (HR) and Alternative 
End Joining (alt-EJ)
(A) In the case of a HR defect, such as mutations in BRCA1/2 genes, Polυ is overexpressed. 

Polυ blocks the formation of RAD51–ssDNA nucleofilament and thus RAD51 toxicity in 

cells deficient in HR. (B) At the same time, Polυ is recruited to DNA damage sites by 

PARP1 where it performs untemplated error-prone synthesis required for alt-EJ. Polυ 

recruitment to damage sites might also depend on other alt-EJ factors (gray circles). 

Abbreviation: ssDNA, single-stranded DNA.
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Figure 5. The Different Outcomes of Annealing-Dependent Error-Prone Double-Strand Break 
(DSB) Repair
After formation of a DSB, DNA resection results in two single-stranded overhangs and 

exposure of DNA homology. SSA uses annealing of large DNA sequences of homology, 

which leads to deletions of large fragments of DNA. By contrast, alt-EJ requires pairing of 

only small homologous DNA sequences (microhomologies), which can lead to deletions 

and/or insertions depending on how the repair is orchestrated: (i) When the annealing is 

stable the overhanging noncomplementary flaps are trimmed by the endonuclease complex 

and repair is completed by fill-in DNA synthesis and ligation, resulting in deletions of the 

DNA regions flanking the original break. (ii) Alternatively, translesion polymerases (such as 

Polυ) may extend the annealed sequences using untemplated error-prone DNA synthesis 

resulting in realignment at newly created micro-homologous sequences. Then the repair is 

completed by flap trimming, gap-filling DNA synthesis, and ligation, which results in a 

deletion plus insertion junction. (iii) Flap trimming followed by untemplated DNA error-

prone synthesis can generate new regions of microhomology leading to insertions of DNA 

sequences. Abbreviations: alt-EJ, alternative end joining; DSB, double-strand break; SSA, 

single-strand annealing.
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