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Summary

Since DNA double-strand breaks (DSBs) contribute to the genomic instability that drives cancer

development, DSB repair pathways serve as important mechanisms for tumor suppression. Thus,

genetic lesions, such as BRCA1 and BRCA2 mutations, that disrupt DSB repair are often

associated with cancer susceptibility. In addition, recent evidence suggests that DSB “mis-repair”,

in which DSBs are resolved by an inappropriate repair pathway, can also promote genomic

instability and presumably tumorigenesis. This notion has gained currency from recent cancer

genome sequencing studies which have uncovered numerous chromosomal rearrangements

harboring pathological DNA repair signatures. In this perspective, we discuss the factors that

regulate DSB repair pathway choice and their consequences for genome stability and cancer.
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Introduction

DNA double-strand breaks (DSBs) are generated when the phospho-sugar backbones of

both DNA strands are broken at the same position or in sufficient proximity to allow

physical dissociation of the double helix into two separate molecules. In contrast to single-

strand DNA breaks (SSBs), in which the genetic information retained on the complementary

strand is still available to template repair, faithful restoration of DSBs can be problematic. In

addition to loss of genetic information, DSBs can lead to fragmentation, loss or

rearrangement of chromosomes. Indeed, in some circumstances, formation of a single DSB

in a metazoan cell is sufficient to induce lethality ([1, 2]). Clearly, the various cellular

pathways that mediate DSB repair must address the challenges of restoring both the physical
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integrity of the chromosome and its genetic information. In addition, the proper choice of

DSB repair pathway has a critical impact on genomic integrity and cancer.

Types of DSBs

It is estimated that a cell experiences up to 105 spontaneous DNA lesions per day [2].

Among these, approximately 10 are thought to be DSBs [3]. DSBs are generated by the

action of exogenous agents, such as ionizing radiation (radioactive decay, cosmic radiation

or medical x-rays) or radiomimetic chemicals that mimic the action of ionizing radiation.

The latter comprise several distinct classes of chemicals. These include base alkylating

agents such as methyl methane sulfonate (MMS), as well as crosslinking agents that

introduce covalent crosslinks between bases of the same (intrastrand) or complementary

strands (interstrand or ICLs), including mitomycin C, platinum derivatives, psoralens, and

nitrogen mustards. In addition, DNA topoisomerase inhibitors induce the formation of SSBs

or DSBs by trapping topoisomerase-DNA intermediates (cleavable complexes) during

isomerization reactions. For example, the camptothecins and their derivatives (irinotecan

and topotecan), which inhibit type IB topoisomerases, generate DSBs primarily during DNA

replication. In contrast, etoposide, mitoxantrone, teniposide and doxorubicin trap type II

topoisomerases on DNA and thereby generate DSBs throughout the cell cycle [4]. Drugs

that generate DSBs are widely used in cancer chemotherapy since tumor cells are often more

sensitive to DSBs than normal cells.

DSBs are also generated during normal cell metabolism. The reactive oxygen species (ROS)

produced during cellular metabolism can oxidize bases and trigger both single and double

strand breaks. Other physiological sources of endogenous DSBs include DNA replication

and meiotic recombination, as well as programmed rearrangements of the immunoglobulin

and T cell receptor loci during lymphoid cell development. DNA replication is thought to be

the major source of DSBs in proliferating cells since the DNA intermediates at replication

forks are fragile and susceptible to breakage. Notably, breaks can occur following DNA

polymerase stalling, which leads to the generation of persistent single-strand DNA (ssDNA)

intermediates. Broken or collapsed replication forks containing ssDNA resemble DSBs at

different stages of processing and are also a source of genomic instability if not properly

repaired.

Finally, site-specific DSBs have been generated experimentally by heterologous expression

of endonucleases such HO, which normally introduces a specific double-strand break in the

mating-type locus (MAT) of Saccharomyces cerevisiae [5]. In vertebrate cells, experimental

DSB induction can be achieved by expression of meganucleases such as I-SceI [6-8],

chimeric zinc finger nucleases [9], transcription activator-like effector nucleases (TALENs)

[10] and, more recently, bacterial RNA-guided Cas9 nucleases [11].

Significance

Inherited defects in DSB repair are implicated in a variety of human pathologies, including

increased cancer susceptibility, neurological defects and/or immunodeficiencies, in disease

syndromes such as Ataxia telangiectasia, Nijmegen Breakage syndrome or the severe

combined immunodeficiencies (SCID) [12]. In addition, the genomic instability that arises
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from compromised DSB repair function is thought to be responsible for the heightened

cancer susceptibility of women who carry germline lesions of the BRCA1 and BRCA2

genes, both of which encode proteins required for proper DSB repair. Indeed, the tumor cells

of these BRCA1 mutation carriers display an ongoing genomic instability characterized by

both, aneuploidy and extensive chromosomal rearrangements, as well as an inherent

deficiency in DSB repair by homologous recombination. These observations clearly

demonstrate that proper DSB repair is an effective mechanism for tumor suppressor [13].

Recent studies suggest that mis-repaired DSBs are equally problematic as they are

responsible for chromosomal rearrangements such as translocations. The advances in

sequencing of tumor genomes reveal that these events are much more frequent than

originally thought and underscore the potential role of DSB repair not only in tumor

suppression but also in oncogenic transformation.

Additionally, acute DSB formation is the central mechanism of action for many cancer

treatments, including radiotherapy and chemotherapeutic agents such as topoisomerase

inhibitors, anti-metabolites and DNA cross-linking agents. How these lesions are repaired

greatly influences the efficacy of these treatments.

DSB repair pathways: direct end-joining vs. homology-directed repair

The major pathways of DSB repair were classically defined based on whether sequence

homology is used to join the DSB ends. Non-homologous end-joining (NHEJ), which does

not require sequence homology, is active throughout the cell cycle and constitute the

primary pathway in vertebrate cells [3]. To initiate NHEJ, the Ku70/80 heterodimer (KU)

binds to blunt or near-blunt DNA ends. DSB-bound KU then recruits and activates the

DNA-dependent protein kinase catalytic subunit (DNA-PKcs) that triggers an extensive

signaling cascade that orchestrates downstream repair processes [14]. NHEJ repair, which

normally involves minimal DNA processing, is facilitated by scaffold proteins XRCC4 and

XLF (also called Cernunos) that bind DNA Ligase 4, the enzyme responsible for sealing the

break. If DNA ends need nucleolytic processing before ligation, the Artemis endonuclease, a

DNA-PKcs-interacting protein, provides this activity [15, 16].

In contrast to NHEJ, homology-directed repair (HDR) requires the use of homologous

sequences to align DSB ends prior to ligation. In vertebrate cells, HDR occurs largely during

the S phase of the cell cycle, when there is a replicated sister chromatid that can be used as a

homologous template to copy and restore the DNA sequence missing on the damaged

chromatid. While HDR is the preferred pathway of DSB repair in yeast G2 cells, recent

studies in mammalian cells suggest that NHEJ is the prominent mode of repair in

mammalian G2 cells [17] [18].

The search for sequence homology to template HDR repair requires the presence of single-

strand DNA at the DSB end. This intermediate can be generated by the nucleolytic

degradation of the 5′ strand of a DSB end in a process called DNA end resection. Resection

is initiated by the MRE11/RAD50/NBS1 complex (MRN, Mre11/Rad50/Xrs2 in yeast),

which can directly bind DSB ends. The MRE11 protein, which harbors separable endo- and

exo-nuclease activities, generates 3′ ssDNA overhangs through a combination of
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endonucleolytic cleavage followed by 3′-5′ exonucleolytic processing [19]. In addition, the

NBS1 subunit of MRN recruits CtIP (Sae2 in yeast), a distinct endonuclease that is essential,

directly or indirectly, for resection by Mre11. Once MRN/CtIP initiates resection, the EXO1

and DNA2 nucleases perform the bulk of end-resection required for HDR. In this process,

DNA2 acts in complex with the RecQ helicases BLM and/or WRN [20, 21]. The checkpoint

kinases ATM and ATR are also required for proper DSB resection and modulate the

activities of several resection factors including MRE11, RAD50, CtIP, DNA2 and EXO1

[22, 23].

The ssDNA overhangs generated by DNA resection are initially coated by the RPA complex

to form an RPA-ssDNA nucleoprotein filament. This process is required to allow extensive

resection by the EXO and DNA2 nuclease and to prevent degradation or self-annealing of

the nascent ssDNA [24]. Subsequently, various mediator proteins, including RAD52,

BRCA2 and PALB2, promote nucleation of Rad51 binding, displacement of RPA, and

assembly of the Rad51-ssDNA nucleoprotein filament to form the recombinase that

promotes homology search and strand invasion. Vertebrates have five RAD51 paralogs

(RAD51B, RAD51C, RAD51D, XRCC2 and XRCC3), which are all essential for cell

viability and cooperate in the repair of DSBs by HDR. Since HDR uses an undamaged DNA

template to restore chromosome integrity, it has the potential to repair DSBs more faithfully

than NHEJ.

DSB repair of the third kind: annealing-dependent mechanisms

While NHEJ and HDR appear to be the major pathways of DSB repair in eukaryotic cells,

other modes of DSB repair, such as microhomology mediated end-joining (MMEJ) and

single strand annealing (SSA), are also observed in both normal and pathological cellular

settings. For example, since the Ku70/80 heterodimer preferentially binds flush or near-flush

DNA ends, resection not only renders a DSB end suitable for HDR, but also reduces its

potential to serve as a substrate for NHEJ repair [3, 25]. If, however, HDR function is

compromised, as in BRCA1/2-deficient cells, resected DSB ends may instead be resolved by

annealing-dependent mechanisms that entail base-pairing between tracks of exposed

homologous sequences on separate ssDNA overhangs, followed by further processing to fill

in the resultant gaps and ligate the nicks. Annealing-dependent repair can be initiated by

homologous regions of various lengths. While very short homology tracks of only a few

nucleotides are sufficient to promote MMEJ [26, 27], larger tracks ranging from 10 bp to

several kilobases are generally used during SSA. Notably, these pathways are independent

of the core NHEJ factors, DNA-PKcs, KU complex and Lig4.

Since annealing requires some resection to expose microhomologies, the MMEJ and SSA

pathways are dependent on the MRN-CtIP complex. For example, MMEJ is suppressed

upon MRE11 down-regulation by either depletion with siRNAs or inhibition with the small

molecule mirin [28]. Likewise, inactivation of Nbs1 or CtIP decreases MMEJ [29, 30]. SSA

also requires MRN- and CtIP-dependent resection, but is independent of Rad51.

Increasing evidence suggests that inappropriate use of annealing-mediated DSB repair can

elicit the formation of pathological chromosomal translocations. For example, cancer
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genomes frequently harbor of microhomologies indicative of MMEJ at the breakpoints

junctions of chromosomal rearrangements (see below).

DSB repair pathway choice: impact of the nature of DNA ends

The chemical nature of DNA ends also influences the modality of repair. In principle, DNA

ends that possess 3′ hydroxyl and 5′ phosphate groups can be directly ligated or extended by

DNA polymerases. Indeed, many experimental systems in use to study DSB repair are based

on nucleases that generate “clean” DSBs (e.g., HO or I-SceI), which serve as suitable

substrates for either NHEJ or HDR (Figure 1). In vivo, however, most DSBs are unlikely to

harbor such readily ligatable DNA ends. In contrast, DSBs generated by irradiation or

radiomimetic drugs exhibit a variety of chemical modifications, including 5′ hydroxyls, 3′

phosphates, abasic sites, covalently-bound adenylate groups and protein-DNA adducts.

These modifications must be removed from DNA ends before repair since they can

potentially block any of several DSB repair steps, such as KU binding, resection initiation

and DNA ligation. Given the wide variety of chemical lesions encountered in vivo, cells

employ multiple mechanisms to render modified DSB ends suitable for ligation.

In some cases, these ends can be restored to a ligatable state through the actions of

specialized enzymes. For example, PNKP (polynucleotide kinase 3′ phosphatase) adds a

phosphate group to a 5′-OH end and removes 3′ phosphates [31]. Ku itself can remove

abasic sites near DSBs [32] while Aprataxin catalyzes the removal of adenylate groups [33].

The phosphodiesterases TDP1 and TDP2 remove tyrosyl phosphate bonds to eliminate the

DNA-topoisomerase adducts arising from treatment with topoisomerase poisons [34, 35].

All these processing mechanisms yield ends suitable for NHEJ. Alternatively, DNA-end

lesions can be removed by nucleases that catalyze cleavage upstream of the lesion. These

include Artemis, which harbors 5′ endonuclease and 5′-3′ exonuclease activities, the

Aprataxin-and-PNK-like factor (APLF), an endonuclease and 3′ to 5′ exonuclease [36], and

WRN, a 3′-5′ helicase with exonuclease activity. Additionally, nucleolytic processing by the

MRN/CtIP complex can release covalently-attached protein adducts from DSB ends to allow

subsequent initiation of repair [37, 38].

These nucleases generally act in the NHEJ pathway, producing short ssDNA overhangs that

largely retain the capacity to bind the Ku70/80 heterodimer. Nonetheless, it is conceivable

that Artemis, APLF or WRN could generate some ssDNA overhangs too long to be

processed efficiently by NHEJ, thus favoring MMEJ. Of note, the chemical modifications

generated by irradiation or radiomimetic drugs can also be removed by the endo- and exo-

nuclease activities of MRN/CtIP complex. In this case however, the ability of MRN/CtIP to

initiate resection and recruit the highly-processive EXO and DNA2 resection nucleases

would obviate subsequent repair through the NHEJ pathway.

Since DSB repair has been studies in many experimental settings ranging from budding

yeast to human cells, it is important to note that significant differences exist between these

model systems. Budding yeast cells, in which the bulk of genetics experiments have been

performed, are highly proficient for HDR and appear to favor this mode of DSB repair over

NHEJ, while in mammalian cells NHEJ is the preferred DSB repair pathway. In addition,
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processing of modified ends appears to be restricted to the action of the MRX/Sae2 complex

in yeast, whereas NHEJ components such as KU and Artemis (see above) also facilitate end

joining in higher eukaryotes [16, 32]. Finally, although yeast cells can tolerate the loss of

certain DSB repair proteins, such as the MRX complex, the corresponding MRN complex is

essential for the viability of metazoans. These differences could reflect the increased size

and complexity of metazoan genomes.

Regulation of DSB repair pathway choice

The competition between NHEJ and HDR, which stems from the molecular interplay

between KU and MRN/CtIP at DSB ends, has primarily been studied in yeast. Nonetheless,

the central aspects of this process are well conserved in higher eukaryotes, as might be

expected given the high degree of conservation between the DSB repair factors of yeast and

mammals (see Table 1). In addition, however, mammalian cells also employ several

ancillary factors to regulate DSB pathway choice, such as the Fanconi anemia and BRCA1 –

53BP1 proteins.

Impact of KU

As noted above, since the KU complex binds 3′-overhangs poorly, the initiation of DNA

resection inhibits NHEJ and commits DSB repair to the HDR, MMEJ, or SSA pathways.

[39, 40]. Resection is normally restricted to the S and G2 phases of cell cycle progression,

when sister chromatids are available to serve as templates for repair (Figure 1). Not

surprisingly, the induction of DNA resection at the onset of S-phase is dependent of cyclin-

dependent kinases (CDKs) [41-44]. For example, CDK phosphorylation of a conversed site

in the C-terminus of Sae2/CtIP is required to promote resection in budding yeast (Sae2-

S267), Xenopus extracts (CtIP-T806) and human cells (CtIP-T847) [45-47]. CDK also

phosphorylates Dna2 to stimulates its recruitment to DSBs and the extent of long-range

resection in yeast [48]. In addition, Exo1 is phosphorylated by CDKs, although the

functional consequence of this modification is not known [44].

In yeast cells lacking KU, CDK activity is no longer required for resection initiation by

MRX-Sae2, suggesting that CDK might also negatively regulate KU [49]. Nonetheless,

CDK activity is still needed for long-range resection by Exo1 or Sgs1-Dna2 in the absence

of KU [50].

In yeast, KU binding to DSBs ends antagonizes end resection [50, 51]. For instance, in the

absence of MRX, Exo1-dependent resection is inhibited by KU [51]. This suggests a direct

competition between KU and MRX at DSBs [52, 53]. HDR is more efficient in the absence

of KU, suggesting that cells attempt to repair DSBs by NHEJ before resorting to DNA

resection [54, 55]. Together, these observations suggest that cells favor DSB repair by NHEJ

if the ends are suitable for joining, while DNA resection is activated if joining fails,

particularly when DNA ends have not been made suitable for NHEJ. Moreover, a recent

study suggests that the endonuclease activity associated with MRE11 is responsible for

removing KU from DSBs in mammalian cells. A small molecule analog of mirin [56],

which specifically inhibits MRE11-associated endonuclease, promotes NHEJ [19].
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Fanconi anemia

Additional evidence points to an inhibitory relationship between NHEJ and HDR

specifically during S-phase. Fanconi anemia is a complex genetic disease characterized by

congenital abnormalities, infertility, cancer susceptibility and bone-marrow failure. This

phenotype can result from mutations in any of at least different 16 genes, which encode the

FANCA, FANCB, FANCC, FANCD1 (BRCA2), FANCD2, FANCE, FANCF, FANCG

(XRCC9), FANCI, FANCJ (BRIP1), FANCL (PHF9), FANCM, FANCN (PALB2),

FANCO (RAD51C), FANCP (SLX4) and FANCQ (XPF) proteins [57]. The Fanconi

anemia (FA) pathway participates in crosslink repair and is also involved in DNA

replication fork stability [58, 59] [60]. Accordingly, defects in the FA pathway result in

replication-dependent genomic instability [61] [62]. Notably, these cellular defects can be

rescued by inhibiting NHEJ in Caenorhabditis elegans, DT40 chicken cells, and mammalian

cells [63] [64]. This suggests that the FA pathway facilitates DSB repair by HDR during S-

phase while suppressing NHEJ. NHEJ inhibition could be due in part to the WRN helicase

[65]. In the absence of the FA pathway, DSBs generated during DNA replication are

repaired by NHEJ resulting in genome rearrangements. FA could facilitate DSB processing

specifically in the context of DNA replication. While there is no direct evidence for DNA

processing by FA proteins, FA cells show reduced repair of DSBs by MMEJ consistent with

the idea that the FA could facilitate resection [66].

BRCA1 – 53BP1

Another layer of regulation of DSB pathway choice has recently emerged from studies of

the functional interactions between BRCA1 and 53BP1 [67]. Women who carry germline

mutations of the BRCA1 tumor suppressor gene face a dramatically increased risk of breast

and ovarian cancer [68]. The protein product of BRCA1 has been implicated in various

cellular processes, including multiple aspects of the cellular response to DNA damage [69],

Most notably, BRCA1 is required for efficient repair of DSBs through the HDR pathway

[13]. Although the biochemical mechanisms by which BRCA1 mediates HDR remain

unclear, the HDR functions of BRCA1 correlate particularly well with its tumor suppression

activity in animal models of hereditary breast cancer [70, 71]. Interestingly, BRCA1 is

required for both HDR and cell viability in a broad range of cell types, despite the fact that

the tumor susceptibility of BRCA1 mutation carriers is largely restricted to breast and

ovarian cancers. While the tissue specificity of tumor risk in these patients is not understood,

a longstanding, but as yet unproven hypothesis, posits that breast and ovarian tissues may be

especially dependent on BRCA1 for HDR repair of DNA adducts generated by estrogens

during cell proliferation [72] [73]. In any case, the breast tumors that arise in BRCA1

mutation carriers belong to a particular subtype of breast cancer that features a “basal-like”

histopathology and a “triple-negative” (ER−, PR−, HER2−) phenotype [74]. Notably, basal-

like breast tumors display the characteristic signs of HDR-deficient cells, including

aneuploidy, extensive chromosomal rearrangements, and a heightened sensitivity to

genotoxins that induce DSBs and interstrand DNA crosslinks.

Early work established that the 53BP1 protein promotes NHEJ under certain settings, such

as long-range V(D)J recombination and immunoglobulin class switching during lymphoid
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development [67]. However, recent studies demonstrate that 53BP1 also serve as a linchpin

in the pathway choice of DSB repair. This new insight emerged from the remarkable

observation that the repair defects and cellular lethality associated with BRCA1 loss are

rescued upon simultaneous inactivation of 53BP1 [75-77]. For example, 53BP1 depletion

ameliorates most of the phenotypic abnormalities characteristic of Brca1-mutant mouse

embryonic fibroblast and murine embryonic stem cells, including proliferative senescence,

spontaneous chromosomal instability, heightened genotoxin sensitivity, and compromised

HDR function. Indeed, similar effects of 53BP1 loss are also apparent at the organismal

level, in that cellular senescence and apoptosis, as well as overall embryonic lethality, is

greatly diminished in double-mutant Brca1Δ11/Δ1153BP1−/− mice relative to single-mutant

Brca1Δ11/Δ11 animals. Moreover, the fact that mammary carcinogenesis is rare in adult

Brca1Δ11/Δ1153BP1−/− mice, as compared to adult Brca1-mutant mice rescued by p53

deficiency (e.g., Brca1Δ11/Δ11p53+/–), suggests that 53BP1 loss also counters the tumor

susceptibility associated with Brca1 inactivation, perhaps in part by restoring HDR function

and chromosomal stability [76].

To account for these observations, Bunting et al. [76] proposed that 53BP1 promotes NHEJ

by blocking CtIP-dependent DNA resection and thereby allowing DSBs to retain the flush

DNA ends suitable for recognition by DNA ligase 4, the enzyme that mediates DNA sealing

during NHEJ repair. Furthermore, they showed that the formation of complex chromosomal

rearrangements in Brca1-mutant cells is dependent on both 53BP1 and DNA ligase 4. These

findings imply that, in the absence of BRCA1 function, DSBs that would normally be

repaired by HDR are instead shunted to the NHEJ pathway, which aberrantly joins them to

yield the chromosomal abnormalities characteristic of BRCA1-mutant cells. However, the

DSB ends of BRCA1-mutant cells would, upon 53BP1 depletion, be rendered susceptible to

DNA resection, allowing assembly of recombinogenic Rad51/ssDNA filaments and

restitution of HDR function. This scenario implies that BRCA1 normally functions to

promote DNA resection, and indeed several, though not all, studies have observed a modest

diminution of resection upon BRCA1 depletion [78-81]. Given that BRCA1 interacts

directly with CtIP, it was appealing to propose that BRCA1 regulates resection through its

association with MRN/CtIP, and one study reported that resection-dependent modes of DSB

repair, such as HDR and SSA, are defective in chicken DT40 cells expressing a CtIP mutant

that fails to bind BRCA1 [82]. However, subsequent work has established that the BRCA1/

CtIP interaction is not required for DNA resection, HDR, and/or SSA in multiple settings,

including chicken DT40 cells [83], Xenopus cell-free extracts [47] and mammalian cells

[84]. Thus, if BRCA1 promotes DNA resection, it is likely to do so through a mechanism

that is independent of its interaction with CtIP.

The ability of 53BP1 to inhibit DNA resection is dependent on its associated factor RIF1

[79, 85-88]. Interestingly, Escribano-Diaz et al. [79] have shown that the antagonistic

relationship between BRCA1 and 53BP1 that regulates repair pathway choice is based upon

reciprocal exclusion of RIF1 and BRCA1 polypeptides at DSB sites during cell cycle

progression. Thus, during the G1 phase, when NHEJ repair is preferred, RIF1 blocks the

recruitment of BRCA1 to DSB ends and acts downstream of 53BP1 to suppress DNA

resection and thus HDR. Conversely, in S and G2 cells, which possess suitable templates for
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homology-directed repair, BRCA1 and the CtIP resection protein both antagonized the

recruitment of RIF1 to DSB ends, allowing for DNA resection and HDR. Accordingly, this

regulatory circuit ensures proper coordination of repair pathway choice with respect to the

cell cycle.

Microhomologies and cancer

Recent obsevations suggest that the MMEJ pathway may promote the formation of abberant

chromosomal rearrangements, including the oncogenic chromosome translocations

associated human cancer. Recurrent chromosome translocations with oncogenic potential

are the hallmarks of most hematological malignancies, such as Burkitt’s lymphoma and

chronic myelogenous leukemia. Traditional cytogenetic methods have also identified some

recurrent translocations in epithelial tumors. However, truly recurrent translocations may be

masked in carcinoma cells due to the excessive levels of chromosome rearrangements

typically associated with solid tumors. Nonetheless, recurrent translocations have been

described in papillary thyroid carcinomas, prostate cancers, and, more recently, non-small

cell lung cancers (reviewed in [89, 90]). Deep sequencing studies have confirmed that

carcinomas, including breast tumors, harbor chromosomal rearrangements of exceptional

degree and complexity [91, 92].

The extent of DNA resection may be a critical factor in generating these pathological

rearrangements. Interesting, microhomologies are frequently found at the junctions of these

rearrangements, raising the prospect that aberrant repair of DSBs through the MMEJ

pathway can mediate the formation of oncogenic chromosome translocations [91, 93].

Moreover, since mouse fibroblasts that lack key NHEJ factors, such as KU or DNA ligase 4,

spontaneously accumulate high levels of chromosomal rearangements, NHEJ activity

appears to suppress chromosomal instability in normal cells [94, 95]. Furthermore, using an

experimental model of interchromosomal translocation, Zhang et al. (2011) showed that

downregulation of CtIP dramatically reduces the translocation frequency and

microhomology usage in mouse embryonic stem (ES) cells [96], suggesting that most

translocations in these cells are generated through MMEJ.

Conclusion

Maintaining the proper balance of DNA resection is critical to prevent pathologic

chromosome rearrangements and subsequent tumor development. Aberrant DSB repair can

arise from multiple sources. On one hand, relieving NHEJ inhibition during S phase

promotes genomic instability and cancer as seen in Fanconi anemia patients. On the other

hand, inhibition of NHEJ during G1 favors untimely resection in a context that is not

suitable for HDR, thereby leading to annealing-dependent joining and possibly

chromosomal rearrangement. Finally, inhibition of long-range resection and/or HDR while

MRN/CtIP is still active will yield persistent ssDNA intermediates that can serve as

substrates for MMEJ-mediated chromosomal translocation. Because MMEJ is active

throughout the cell cycle, it may be responsible for the bulk of these toxic, and potentially

oncogenic, rearrangements.
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Figure 1. DSB repair pathway choices and their regulation
The three major modalities of DSB repair (NHEJ, HDR and MMEJ/SSA) are depicted.

NHEJ can process ligatable DNA ends but is inhibited by modified/damaged DNA ends. In

contrast, MMEH or HDR, which both initiate by resection, can process both types of ends.

Competition between NHEJ and HDR takes place directly on DNA ends between KU and

MRN, as well as in the vicinity of the break between 53BP1 and BRCA1. HDR is not

operating in G1 due to the absence of a sister chromatin as homologous template. NHEJ in

S-phase is toxic. See text for details.
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Table 1

Repair factors implicated in DSB repair pathway choice

Human S. cerevisiae Function in DSB repair Impact on repair pathway of
choice

NHEJ 53BP1 Rad9 Mediator/adaptor protein, chromatin reader Inhibition of BRCA1
mediated resection

MDC1 Rad9 Mediator/adaptor protein

Rif1 - Inhibitor of DNA end resection Inhibition of BRCA1
mediated resection

PTIP - Recruitment of 53BP1 Inhibition of BRCA1
mediated resection

H2AX H2AX DDR signaling Prevents resection in VDJ
recombination

Ku70 YKu70 dsDNA end binding, resection inhibition End protection, prevents
resection

Ku80 YKu80 dsDNA end binding, resection inhibition End protection, prevents
resection

LIG4 Dnl4/Lig4 DNA ligase

XRCC4 Lif1 Scaffold protein

XLF/Cernunnos Nej1 Scaffold protein

DNA-PKcs - DSB-responsive PIKK family protein kinase

Artemis Pso2/Snm1 Nuclease, end processing

LIG1 Cdc9 DNA ligase (alternative end joining)

LIG3 - DNA ligase (alternative end joining)

Aprataxin APTX End processing

APLF - End processing

PNKP Tpp1 End processing

DNA pol λ Pol4 End processing, gap filling

DNA pol μ Pol4 End processing, gap filling

Tdp1 Tdp1 3′ tyrosyl-DNA phosphodiesterase

TTRAP/TDP2 Tdp2 3′ and 5′ tyrosyl-DNA phosphodiesterase

HR BRCA1 - Mediator/adaptor, ubiquitin ligase

BARD1 - Constitutive RING-mediated heterodimerization
with BRCA1

BACH1/BRIP1/FANCJ - 3′ to 5′ helicase

TopBP1 Dpb11 S-phase checkpoint

RAP80 - BRCA1 recruitment to Chromatin

Abraxas - BRCA1 recruitment to Chromatin

Mre11 Mre11 Endonuclease, 3′-5′ exonuclease, MRN/X
complex

Resection initiation, KU
release

Rad50 Rad50 ATPase/Scaffold, MRN/X complex Resection initiation, KU
release

Nbs1/Nibrin Xrs2 Adaptor/checkpoint roles, MRN/X complex Resection initiation, KU
release

CtIP/RBBP8 Sae2, Com1 Endonuclease Initiation of DNA end
resection
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Human S. cerevisiae Function in DSB repair Impact on repair pathway of
choice

EXO1 Exo1 5′-3′ exonuclease Initiation and long-range
resection

DNA2 DNA2 Helicase, 5′-3′ exonuclease Long-range resection

BLM Sgs1 Helicase Long-range resection

WRN Sgs1 Helicase, 3′-5′ exonuclease (WRN) Long-range resection

BRCA2 (FANCD1) - Recombination mediator, Rad51 loading Facilitates resection

RPA Rfa Trimeric ssDNA binding protein Facilitates resection in yeast

RAD51 paralogs
(RAD51C = FANCO) Rad51 Recombinase, Homology pairing

CDKs Cdc28 Cell cycle kinases Stimulates resection (p-CtIP,
p-DNA2)

FA 16 FANC genes Mph1 (FANCM) Collectively inhibit NHEJ in
S-phase
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