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Abstract

DNA double-strand breaks (DSBSs) in cells can undergo nucleolytic degradation to generate long
3’ single-stranded DNA tails. This process is termed DNA end resection, and its occurrence
effectively commits to break repair via homologous recombination, which entails the acquisition
of genetic information from an intact, homologous donor DNA sequence. Recent advances,
prompted by the identification of the nucleases that catalyze resection, have revealed intricate
layers of functional redundancy, interconnectedness, and regulation. Here, we review the current
state of the field with an emphasis on the major questions that remain to be answered. Topics
addressed will include how resection initiates via the introduction of an endonucleolytic incision
close to the break end, the molecular mechanism of the conserved MRE11 complex in conjunction
with Sae2/CtIP within such a model, the role of BRCA1 and 53BP1 in regulating resection
initiation in mammalian cells, the influence of chromatin in the resection process, and potential
roles of novel factors.
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Introduction

Cells sustain double-strand breaks (DSBs) as a result of frequent injury to DNA replication
forks, and also of exposure to environmental agents (e.g., high energy radiation) and
endogenous reactive metabolites (e.g., radicals). The timely and efficient elimination of
DSBs is of paramount importance to genome preservation and for disease avoidance, cancer
in particular (1).
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DSBs are eliminated via two conserved mechanisms: nonhomologous end joining (NHEJ)
and homologous recombination (HR). In NHEJ, the DNA ends are brought in close
proximity, processed if necessary, and then rejoined via the action of a specialized DNA
ligase (2). NHEJ occurs during all phases of the cell cycle. Mechanistically, HR is more
complex and involves the use of a homologous DNA template to guide accurate repair (3,4).
Since the newly replicated sister chromatid most often serves as the repair template, cells
must be in S or G2 phase for HR to be an efficient repair option (5,6). NHEJ must be
avoided when single-ended DSBs arise as a result of replication fork collision with a DNA
lesion, such as an interstrand crosslink. Inappropriate joining of such DSBs leads to dicentric
chromosomes, initiating a catastrophic breakage-fusion-bridge cycle that generates complex
chromosome rearrangements (Figure 1A) (7). This occurs frequently in the multigenic
disorder Fanconi anemia (FA), in which patients harbor mutations that affect DNA damage
checkpoint signaling and impair interstrand DNA crosslink repair (8,9). In normal cells, the
DSB stemming from processing of a DNA crosslink is funneled into the HR pathway for
repair, but in FA cells, NHEJ becomes the default repair mechanism (10). Accordingly, the
large-scale genomic rearrangements observed in FA cells can be prevented by inactivating
the Ku70-Ku80 heterodimer, a central player in NHEJ (10). Thus, the FA phenotype reflects
the adverse consequence of engaging NHEJ within an aberrant context.

Any attempt to repair DSBs by HR in the G1 phase can also be catastrophic, as it may lead
to deletions and translocations through an error-prone microhomology-based end joining
mechanism (11). In order for HR to occur, the ends of the DSB must first undergo a
significant amount of nucleolytic resection that entails the degradation of the 5 DNA strand
to generate 3’ ssDNA tails (12-15). This process precludes the pairing of short ssSDNA
overhangs that NHEJ relies on to guide break joining. Specifically, 5" overhangs are ablated
by resection, and 3’ overhangs become separated by large gaps, both of which effectively
eliminate the possibility of repair by NHEJ (16). Cell death ordinarily ensues should DSB
end resection be permitted to occur in the absence of a homologous DNA template, or when
the HR machinery is defective (17). However, a small fraction of such cells can survive
using the last-ditch mechanism known as alternative end joining or microhomology-
mediated end joining (MMEJ) (Figure 1B) (11,18). MMEJ involves hybridization of short
regions of homology between the resected overhangs and always leads to deletions. The
microhomologies that are hallmarks of MMEJ are often found at translocation breakpoints
in tumor cells, providing evidence that inappropriate resection in G1 can lead to
tumorigenesis (19-21). The foregoing discussions highlight the importance of DSB repair
pathway choice, as the inadvertant use of a repair pathway can results in the type of genomic
rearrangements seen in tumor cells.

As resection occurs, the 3 tails are promptly coated by the ubiquitous and abundant sSDNA
binding protein RPA. DNA bound RPA must be replaced by the conserved recombinase
protein Rad51, and this protein-protein exchange is facilitated by a class of HR factors
known as recombination mediators (22). Once a small cluster of Rad51 protomers are
loaded onto the ssDNA, they serve as the nucleus for the assembly of a right-handed Rad51
helical filament, with the concomitant displacement of RPA. The resulting Rad51-ssDNA
nucleoprotein filament, commonly referred to as the presynaptic filament, engages a duplex
DNA molecule, performs a search for DNA homology in the bound duplex, and catalyzes
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the intermediate steps of HR, including invasion of and DNA strand exchange with the
duplex molecule. These steps are accompanied by DNA synthesis, followed by the
resolution of the resulting DNA structures, and, finally, DNA ligation (3).

In E. coli, DSB end resection is catalyzed by the nuclease/helicase complex RecBCD
(23,24), with a minor pathway being dependent on the RecQ helicase working in
conjunction with Exonuclease I (25). The DNA resection process is much more complicated
in eukaryotes, however, involving three distinct nucleases (Mrell, Exol, and Dna2), a
RecQ-related DNA helicase (Sgsl in the budding yeast and either BLM or WRN in humans
and other mammals), and a number of accessory factors (13,15). In mammals, an intricate,
cell cycle-dependent control mechanism that involves the breast cancer tumor suppressor
BRCAL and the 53BP1 protein regulates the onset of resection (26). The past few years have
witnessed major advances in understanding how the multiplicity of nucleases operate to
resect DSB ends and the regulatory mechanisms that help impose cell cycle dependency of
NHEJ versus HR at the level of end resection. Below, we review some of these advances
and also focus on unresolved questions currently under active investigation.

Multiplicity of conserved nucleases in DNA end resection

Genetic studies by several laboratories in the budding yeast S. cerevisiae have played a
pivotal role in identifying the three nucleolytic entitites that catalyze 5" DNA strand
resection during HR (27,28). We will first provide background information on these
nucleases, namely, Mrell, Exol, and Dna2, followed by an analysis of biochemical
investigations revealing how they functionally co-operate with their cofactors and with one
another in mediating long range DNA end resection in cells.

(A) The Mrell-Rad50-Xrs2 complex

The Mrel1-Rad50-Xrs2 (MRX) complex (MRE11-RAD50-NBS1, or MRN, in humans) had
long been known to mediate the processing of meiotic DSBs introduced by a type |1
topoisomerase-like protein called Spoll (29-31). Spol1 remains covalently bound to the 5/
strands of the break ends and MRX, and presumably MRN, is needed to eliminate the Spol1
conjugate from the DNA ends. Other studies have established that the MRX complex is also
important for processing mitotic DNA breaks that are capped by a trapped topoisomerase
conjugate (32).

Unexpectedly, Mrell, the nuclease subunit of MRX, digests DNA exonucleolytically with a
3’ to 5’ polarity, which is the exact opposite of what is needed to generate 3’ sSSDNA
overhangs for HR promotion in cells (33). On the other hand, Mrel1 also possesses an
endonuclease activity on hairpin structures (33-35). Both of the 3’-5” exonuclease and
endonuclease activities of Mrell are enhanced by Rad50 and Xrs2 (34,36,37). Genetic
evidence has also implicated the MRX-associated protein Sae2 (CtIP in humans) in DNA
end resection (27,38). Like mutants of the MRX complex, SAE2 deletion renders cells
sensitive to DNA damaging agents, and diploid sae?A cells fail to process Spol1-induced
DSBs and thus undergo cell cycle arrest early in meiosis (39,40). Emerging evidence
indicates that MRX-Sae2, and by inference MRN-CtIP, initiates DNA end resection via the
introduction of internal incisions proximal to DSB ends (see below) (41,42).
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(B) Exol and Sgs1-Dna2

Even when the MRX-Sae2 pathway is impaired, mitotic cells are surprisingly adept at
processing “clean” DSBs, such as those created by endonucleases, to yield ssSDNA tails
suitable for the assembly of the HR machinery (43,44). This finding revealed that at least
one other nuclease is able to process clean DNA breaks in the absence of MRX-Sae2.
Painstaking analyses have uncovered the conserved nucleases Exol and Dna2 as redundant
entities that can process DNA breaks in parallel in the absence of MRX (27,28,45).

Exol and Dna2, already known to be involved in DNA mismatch repair and Okazaki
fragment processing, respectively, were shown to act independently to process a DSB
induced by the HO endonuclease (28). Exol digests duplex DNA exonucleolytically in the
5’ to 3’ direction, an attribute expected of a resection nuclease (46). Dna2 has endonuclease
activity that can cleave both 5" and 3’ single-stranded DNA overhangs adjoining a duplex
region, such as those present in a Y structure stemming from the separation of strands in
duplex DNA molecule by a helicase (47). Dna2 has a modest 5’ to 3’ helicase activity that is
dispensable for DNA end resection (see below) (28,48,49). Instead, the separation of DNA
strands in the Dna2-mediated resection reaction is carried out by the RecQ helicase Sgs1
(BLM in humans) (27,28,45,49). In cells, Sgs1 associates with a type IA topoisomerase,
Top3 (Topo Illa in humans), and an OB-fold containing protein, Rmil, to form a trimeric
complex called the STR complex (50-53). Both Rmil and Top3 are needed for the optimal
activity of Sgs1-Dna2 in DNA end resection in vitro and in cells (49). There is compelling
evidence that the human equivalent of the STR complex, referred to as BTR, which harbors
BLM, Topo Illa, RMI1 and another OB-fold protein, RMI2, also works in conjunction with
DNA2 in DNA end resection (54,55). It should be noted that while the role of STR and BTR
in the resolution of the double Holliday junction (dHJ), a late HR intermediate, is reliant on
the catalytic activity of Top3/Topo Illa (56,57), this activity is completely dispensable for
the resection function of these protein complexes (49,54).

Biochemical reconstitution and insights into DNA end resection reactions

(A) Resection catalyzed by MRX-Sae?2

As alluded to above, even though nuclease null mutants of Mrel1 show a resection
phenotype in both mitotic and meiotic cells, the exonuclease activity of Mrell has a polarity
opposite to what is needed to generate 3’ ssDNA tails in DSB end resection. It thus seems
clear that Mrell acts as an endonuclease in the resection process in cells (42). This premise
is consistent with the observation that the MRX-Sae2 ensemble introduces internal incisions
a short distance from Spol1-bound ends in meiosis (Figure 3) (58), and with results from the
analysis of a mrell mutant that is differentially inactivated for the protein’s exonuclease
activity (59). The examination of small molecule inhibitors that target either the endo- or
exonuclease activity of Mrell has also provided supporting evidence in this regard (60).

A breakthrough in understanding the mechanism by which the endonuclease activity of
Mrell acts to incise DNA proximal to DSB ends came from a recent biochemical study by
Cannavo and Cejka (41). Using highly purified Saccharomyces cerevisiae proteins, these
investigators showed that Sae2 activates a latent dsSDNA-specific endonuclease activity of
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Mrel1 within the context of the MRX complex. Importantly, the endonuclease activity
cleaves the 5’-terminated dsDNA strand in a manner that is strongly enhanced by a protein
block at the DNA end. This activity is also dependent on the ATPase activity of Rad50 as
well as the physical interaction between MRX and Sae2. The results of Cannavo and Cejka
(41) thus provide direct support to the premise, as first proposed by Garcia et al. (42), that
MRX-Sae? creates internal entry sites for the Mrell exonuclease activity, Exol, and
possibly Sgs1-Dna2 for further processing of the DNA template in preparation for the HR
reaction (see the section titled “Model for the conserved mechanism of DNA end resection”
below and Figure 3). It can be expected that CtIP, the ortholog of Sae2 in humans, will
likewise activate the endonuclease function of MRN to introduce DNA nicks into the 5
terminated strand of a DSB. Recent structural work has revealed CtIP to be a flexible
molecule with a conserved N-terminal alpha helical tetramerization domain that is essential
for resection in vivo (61,62). Its S. pombe ortholog Ctpl binds a variety of DNA structures
and has the ability to bridge DNA ends, raising the possibility that it helps tether DSB ends
during their nucleolytic processing (61). These results are consistent with the idea that CtIP/
Ctp1l plays a structural role in coordinating and positioning the MRN nuclease.

(B) Exol-mediated resection

Biochemical reconstitution studies have revealed several interesting aspects of the resection
reaction mediated by Exo1, including crosstalk with the other resection pathways (Figure 2).
Specifically, MRX/MRN was found to strongly upregulate the activity of Exol (49,63).
Moreover, RPA stimulates end resection by preventing nonspecific binding of Exol to
single-stranded DNA (49,63). It should be noted that Exol can access pre-existing nicks and
gaps in duplex DNA (64), thus making it suited to mediating long range DNA resection at
an incision or gap introduced via the action of MRX-Sae2. Interestingly, the activity of
human EXOL1 protein is enhanced by BLM in a manner that does not require the helicase
activity of the latter (Figure 2) (65). Sgs1, on the other hand, does not appear to influence
the activity of yeast Exol (49), suggesting that functional synergy is unique to the human
proteins.

(C) ATP-hydrolysis driven resection mediated by Sgs1/BLM and Dna2

DNA end resection that is dependent on the Sgs1-Dna2 protein pair has been reconstituted
with highly purified proteins (49,66). The combination of RPA, Sgs1, and Dnaz2 is
minimally sufficient for 5 DNA strand resection to occur. In this reaction, Sgs1 helicase
unwinds the DNA to produce an intermediate that is digested by Dna2. The DNA unwinding
reaction is strongly stimulated by RPA in a species-specific manner (66). Consistent with
genetic results, Dna2’s nuclease activity, but not its helicase activity, is needed for resection
(49). Aside from sequestering ssSDNA unwound by Sgs1, RPA also enhances the ability of
Dnaz2 to incise the 5’ strand while attenuating degradation of the 3’ DNA strand (49,63,66).
As such, RPA helps impose the strict 5" polarity of DNA end resection in vitro and also in
cells (67). Importantly, the MRX complex and the Top3-Rmil heterodimer individually
enhance the ability of Sgs1 to unwind DNA, and, consequently, stimulate resection
efficiency (Figure 2) (49,66). MRX and Top3 both recognize DNA ends, likely enabling
these factors to properly target Sgs1 to DSBs (54,68). Findings similar to the above have
been reported for reconstituted DNA end resection systems harboring the human orthologs
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of the yeast factors (63). Moreover, a recent study from our laboratory has provided
evidence (i) for a subsidiary role of Topo Illa in helping impose the 5" polarity of DNA end
resection, (ii) that DNA2 stimulates the helicase activity of BLM, and (iii) that both DNA2
and Topo llla-RMI1-RMI2 increase the processivity of the BLM helicase activity (54).

Multi-faceted role of RPA in DNA end resection

As discussed above, both the Exol- and Sgs1-Dna2-mediated resection pathways are
dependent on RPA for maximal efficiency, and in the case of the latter pathway, RPA also
plays a major role in the imposition of DNA strand polarity during resection (49,63,66). In
cells, depletion of RPA (accomplished using a degron system because the protein is essential
for DNA replication) abolishes extensive DNA end resection, while still allowing short-
range MRX-Sae2-dependent end trimming to occur (67). Interestingly, this study also
revealed that the 3’ ssDNA tails derived from end resection become destabilized upon RPA
depletion (67).

Model for the conserved mechanism of DNA end resection

In summary, the weight of the available evidence is in strong support of the model first
proposed by Garcia et al. (42) and summarized in Figure 3. This model illustrates how
MRX-Sae2/MRN-CtIP initiates resection in both vegetative and meiotic cells via
endonucleolytic incision of the 5’-terminated strand adjacent to the DSB end. The model
posits that, once internal scissions have been introduced, the exonuclease activities of Mrell
and Exo1, which have opposite polarities, generate a DNA gap. While Exo1l is well known
to act at a nick in duplex DNA (indeed, this corresponds to its natural substrate in DNA
mismatch repair) (69,70), it remains to be determined experimentally whether MRX and the
STR-Dna2 ensemble are capable of processing a nicked DNA structure. Moreover, there is
every reason to believe that MRN-CtIP acts in a similar fashion to generate a nicked DNA
molecule to be processed further by the MRN exonuclease and EXO1, and perhaps the
BTR-DNAZ2 ensemble as well. Although Sae2 and CtIP lack homology to known nucleases,
it has been reported that they possess endonuclease activity in vitro (71-73). Other groups
have purified nuclease-free Sae2 and CtIP, however, necessitating further investigation of
the conflicting results (41,49,61,62).

DNA end resection within the context of chromatin

Multiple lines of evidence indicate that extensive changes in chromatin structure occur
during DNA end resection, and the conserved, ATP hydrolysis-dependent chromatin
remodelers Fun30, RSC, and INO80 have been implicated in this process (74-80). Mutant
analyses have provided evidence for an overlapping role of these chromatin remodelers
within the vincinity of a DSB, with RSC mutants showing the most severe phenotype in this
regard (74). Importantly, Fun30 appears to be the major remodeler that promotes long-range
resection (74). Fun30 likely remains associated with the resection machinery, as it interacts
with multiple resection factors including Dna2, Exol and RPA (74,75). The human
SMARCAD1 protein, homologous to Fun30, is also required for extensive resection (75).
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In yeast, Rad9, the functional equivalent of mammalian 53BP1 (discussed below), associates
with nucleosomes containing methylated H3K79 and also H2A phosphorylated at S129 (y-
H2A) (81-83). Deletion of RAD9 leads to faster resection (81,84) and largely suppresses the
resection defect of fun30A (74). The latter observation suggests that the role of Fun30 is to
help alleviate the Rad9-dependent chromatin barrier to resection.

The resection of a nucleosomal DNA substrate by Exol and the Sgs1-Dna2 ensemble has
been reconstituted and examined in detail by Adkins et al. (85). The presence of
nucleosomes impedes resection by both the Exol- and Sgs1-Dna2-dependent mechanisms,
although the former is more strongly affected in this regard (85). The presence of a
nucleosome-free region allows the Sgs1-Dna2 ensemble to partially overcome the
nucleosomal barrier downstream (85). The implication is that, once fully assembled on
adjoining nucleosome free DNA, the Sgs1-Dna2 ensemble, at the expense of ATP
hydrolysis, is able to negotiate through nucleosomes in its path. Interestingly, resection by
Exo1l can be largely restored by removing the H2A-H2B dimer from nucleosomes, and
biochemical and genetic evidence reveals that nucleosomes harboring H2AZ, an H2A
variant that has been linked to DSB repair, are more accessible to Exol (85). Consistent with
this, the SCRAP complex, which incorporates H2AZ into chromatin, has recently been
shown to promote resection in human cells (86).

Much remains to be learned about the role of chromatin in regulating the extent and
efficiency of DNA resection. For instance, in cells lacking the Sgs1-Dna2-dependent
pathway, Exol is still able to conduct long range resection many kilobases away from the
DSB end. It will be important to devise a reconstituted system encompassing the requisite
chromatin remodelers, modified nucleosomes, and other cofactors to decipher the
mechanism by which the chromatin barrier is overcome within the context of Exol-
mediated resection. Another key question is whether nucleosomes are evicted prior to the
onset of resection or whether chromatin remodelers help the resection machinery navigate
through chromatin, with nucleosome loss then occurring as a consequence of nucleolytic
digestion. How histone modifications, such as H3K79 methylation and H2A S129
phosphorylation mentioned above, affect resection is another area that is ripe for
exploration, as a number of these modifications have been implicated in the cell-cycle
dependent regulation of resection as summarized below.

regulation by cyclin-dependent kinase during the cell cycle

HR normally employs the sister chromatid as homologous information donor, and a
dedicated mechanism exists to prevent it from occuring in G1 cells. Indeed, G1 cells do not
engage the Rad53-dependent DNA damage checkpoint upon DSB induction (87), as
activation of this checkpoint is dependent on ssDNA derived from DNA end resection (88).
The first direct evidence that resection is regulated during the cell cycle came from Ira et al.,
who showed that holding yeast cells in G1 or inhibiting the cyclin-dependent kinase (CDK)
blocks resection (89). Sae2/CtIP was subsequently identified as one of the critical CDK
targets integral to the cell-cycle dependent control of resection (90,91). Specifically, S267 in
Sae2 (S327 in human CtlIP) is phosphorylated at the G1-S transitional boundary, an event
that is important for the activation of DNA end resection (90,92). Work in S. pombe
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suggests that phosphorylation of Ctpl (the Sae2 ortholog) is important for its interaction
with the FHA domain of NBS1, an integral component of the MRN complex (93). NBS1 is
also targeted by CDK at S432 (94). This phosphorylation event is important for resection,
but, since it is not required for the interaction of CtIP with MRN, its functional impact
remains to be delineated.

In addition to Sae2/CtIP, recent work has identified yeast Dna2 and human EXOL as targets
of CDK-dependent phosphorylation as well. Yeast Dna2 is phosphorylated by Cdk1 on T4,
S17 and S237 to ensure its timely recruitment to DSBs (95). S17 phosphorylation is also
important for the nuclear localization of DNA2 (96). Mutating these sites to alanine causes
long-range resection to become almost completely dependent on Exol (95). Four CDK-
dependent phosphorylation sites - S639, T732, S815 and T824 - have been identified in
human EXO1 (97). As in the case of yeast Dna2, phosphorylation promotes the recruitment
of human EXOL1 to DSB sites (97). Additionally, EXO1 co-immunoprecipitates from cells
with BRCAL, known to be involved in the channeling of DSBs into HR, in a phospho-
dependent manner (97). Whether this interaction is direct or not remains to be determined.

Regulation of resection in mammalian cells by 53BP1 and BRCA1

The tumor suppressor BRCAL1 forms an obligate dimer with BARD1 and the resulting
protein complex possesses an E3 ubiquitin ligase activity (98,99). BRCA1 has a well known
function in HR (100-103) and it has recently been linked to the promotion of DNA resection
(104-107). Recent studies have also identified 53BP1, a phosphorylation target of the ATM
kinase, as a negative regulator of DNA end resection. 53BP1 helps prevent resection in G1
(104), but is removed in a BRCA1-dependent manner in S phase, thus allowing resection to
occur (106). As such, 53BP1 and BRCAL1 fulfill opposing roles in DSB repair, with the
former being a NHEJ facilitator and the latter acting to commit breaks to repair via HR.

The recruitment of 53BP1 to DSB sites involves multiple protein-protein interactions and its
post-translational modifications (26). These include interactions with the tandem BRCT
domains of MDC1 (108,109), histone H4 that is dimethylated on lysine 20 (H4K20me2)
(110), and histone H2A ubiquitinated on K15 (111). Each of these interactions entails a
distinct domain on 53BP1, and several deubiquinating enzymes (DUBSs) and proteins
compete with 53BP1 for binding to the aforementioned partners, further adding to the
complexity of regulation (112-114).

53BP1 mediates its inhibition on resection through two effector proteins: RIF1 and PTIP,
both of which interact with 53BP1 in a manner that requires the ATM-dependent
phosphorylation of 53BP1 (115-120). How these effectors block resection to lead to NHEJ
is not yet known. They might inhibit the resection nucleases, either by preventing them from
accessing the DNA ends and/or via direct interactions with the nucleases or their cofactors
to attenuate their catalytic activity. In support of this idea, RIF1 has been shown to interact
with BLM, but, curiously, RIF1 also appears to be required for BLM recruitment to DSBs
(118,121,122). Further investigation will be needed to understand the basis for the negative
influence that RIF1 exerts on resection. Determining whether RIF1 and PTIP are
functionally redundant or have specific roles at DSBs with different end structures, as

DNA Repair (Amst). Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Daley et al.

Page 9

suggested by their differential penotypes in V(D)J and class switch recombination (115-
117,119,123), will also be an important goal.

The mechanism by which BRCA1 helps mediate the removal of 53BP1 in S phase remains
obscure. What we do know is that DNA damage recruitment of 53BP1 occurs in S phase
cells when BRCAL is depleted, and loss of 53BP1 leads to the recruitment of BRCAL in the
G1 phase (117). Thus, the molecular platform needed for the DNA damage recruitment of
53BP1 and BRCA1 in DNA end resection and DSB repair pathway choice is intact
throughout the cell cycle, but somehow becomes differentially masked as the two proteins
and their associated effectors antagonize one another. CtIP may co-operate with BRCAL in
53BP1 removal (26). Specifically, CtIP, upon its CDK-dependent phosphorylation in G2
(124), forms a complex with BRCA1 and MRN (125,126), and CtIP phosphorylation is
necessary for preventing the DSB recruitment of 53BP1 (117). However, the importance of
the CtIP-BRCAL interaction is subject to debate, as one publication showed resection
defects in CtIP mutants defective for BRCAL binding (92) but others have not observed
such an effect (127-129). Recently, a study involving the use of a high resolution technique
for measuring resection tract lengths in cells has provided evidence that while the BRCA1-
CtIP interaction is not essential for resection, it helps ensure the timeliness of the process
(130).

There is a paucity of mechanistc information on how the ubiquitin E3 ligase activity of
BRCAL1 contributes to its DNA end resection role. Specifically, while phosphorylated CtIP
is ubiquitinated by BRCA1-BARDL1 (131), the functional relevance of this modification is
unknown. Recently, lysines 127 and 129 of histone H2A have been identified as
ubiquitination targets of BRCAL, but how this affects the DNA damage response also
remains to be established (132). EXOL is a potential BRCAL target given the
aforementioned association between the two proteins (97). Examination of the 126A RING
domain mutant of BRCA1 has suggested that its E3 ligase activity is dispensable for tumor
suppression and DNA end resection (133,134). Further investigation will be important here,
however, as it has been reported that the BRCA1-126A mutant retains residual catalytic
activity (135). It is nonetheless possible that 53BP1 displacement is the primary function of
BRCAL in DNA end resection, with other ubiquitin ligases, such as RNF8 and RNF168,
providing the enzymatic activity relevant to resection regulation. In this regard, it has been
shown that histone H2A is monoubiquitinated by RNF168 on K13 and K15, modifications
that are necessary for recruiting the RAP80 complex, which in turn brings BRCAL1 to the
DSB site via its interaction with the associated protein Abraxas (136).

Other proteins implicated in DNA end resection

(A) Role for the WRN helicase in resection

Aside from BLM, four additional RecQ family helicases - RECQ1, WRN, RECQ4/RTS, and
RECQS5 - exist in mammals (137). Interestingly, emerging evidence implicates WRN in
DNA resection independently of BLM. Studies done using Xenopus egg extracts first
revealed a role of WRN in DNA unwinding during end resection (138). More recently,
human WRN has been shown to interact physically with DNA2, and the two proteins work
in a co-operative fashion to mediate DNA resection in vitro (55). Experimentation involving
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the use of an HR reporter that measures gene conversion frequency has provided support for
redundant cellular roles of BLM and WRN in HR (55). Intertesingly, WRN has also been
suggested to function in MMEJ (139).

(B) PCNA and the 9-1-1 complex

EXOL1 contains a canonical PIP box in its C-terminus which confers the ability to interact
with the DNA polymerase processivity clamp PCNA (140). This interaction is critical for
the retention of EXO1 at DSB sites and for its processivity as an exonuclease (141). The
9-1-1 complex, a DNA damage checkpoint-specific PCNA-related molecule, has also been
identified as a resection accessory factor (142,143). Specifically, the 9-1-1 complex is
required for extensive resection in yeast cells, and its human orthologue stimulates the
nuclease activity of EXO1 and DNA2 in vitro (142,143). Why two distinct DNA clamps are
needed for resection is unclear, and future work should address potential redundancy
between them and to further delineate their biochemical roles.

(C) The SSB/SOSS complexes

Over many years, RPA was thought to be the sole functional equivalent of bacterial single-
strand DNA binding protein (SSB) in eukaryotes. In 2008, however, two human protein
complexes harboring either the SSB1 or SSB2 protein, both related to archaeal SSB, were
identified (144). These ssDNA binding heterotrimeric complexes, referred to as SOSS1 and
SOSS2, share two common subunits, INTS3 and SSBIP1 (144-146). The SSB1 complex is
of higher cellular abundance and appears to play a more prominent role in the DNA damage
response. It is stabilized upon DNA damage by ATM-dependent phosphorylation and
localizes rapidly to DSB sites (144). SSB1 interacts directly with NBS1 and is required for
efficient DSB recruitment of the MRN complex (147). Importantly, SSB1 alone has been
shown to stimulate the nuclease activity of MRN (148), and the full SSB1 complex also
enhances the activity of EXO1 (149). Taken together, the available results suggest that the
SSB1 complex functions as a cofactor for EXO1 and MRN, while RPA acts specifically
with DNAZ2. Unlike RPA, however, SSB1 does not localize to stalled replication forks (144).
The loss of SSB1 is lethal in mice due to skeletal defects, but surprisingly, has no obvious
effect on the DNA damage response (150,151). Much remains to be learned about the
biological roles and mechanisms of action of the two SSB complexes, e.g. whether these
complexes function redundantly of one another in DNA end resection, and if they would
also enhance the BLM-DNAZ2 ensemble.

(D) The hnRNPUL proteins

Ribonuclear hnRNP proteins are involved in transcription, translation and the nuclear export
of RNAs (152,153), but hnRNPUL1 and 2 have also been implicated in DNA end resection.
These proteins localize to sites of DNA damage in an MRN-dependent fashion (154), and
they physically interact directly with BLM and are also required for BLM recruitment to
damage sites, suggesting a role in long-range end resection (154). These results are
intriguing in view of the finding that small RNAs are generated by DROSHA and DICER at
DSB sites and are required for the formation of MRN-dependent DNA damage response foci
that harbor numerous DNA checkpoint and repair proteins (155).
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Conclusions

A
co

ye

great deal of progress has been made in understanding the genetic requirements of the
nserved pathways of DNA end resection in yeast and other eukaryotes in just the past few
ars. Importantly, the in vitro reconstitution of DNA end resection reactions with yeast and

human proteins has yielded a great deal of mechanistic insights into these pathways and how
pathway crosstalk occurs. However, we are only beginning to understand the layers of
positive and negative controls, e.g. the underpinnings of the BRCA1-53BP1 regulatory

ne
fo

twork, that affect DNA end resection and hence the choice among NHEJ, MMEJ, and HR
r DNA lesion removal. Given the involvment of DSB repair mechanisms in tumor

biology, ongoing studies in the above areas have strong relevance to human health and
disease.
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(A) Inappropriate NHEJ of replication-associated DSBs in S phase leads to dicentric

|
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3‘
l MMEJ
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chromosomes and complex chromosome rearrangements. (B) Extensive resection of DNA
ends in G1 cells can lead to deletion-associated MMEJ events.
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Figure 2.
Crosstalk among the three nucleases in DNA end resection. Dotted lines indicate protein-

protein interactions and red arrows indicate a stimulatory effect. BLM interacts directly with
EXO1, and in yeast MRX interacts with Sgs1 (the BLM ortholog). RPA, BLM, and MRN
are all capable of stimulating the nuclease activity of EXO1, and MRN(X) enhances the
helicase activity of BLM/Sgs1.
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Figure 3.
Model for nick-initiated resection by MRN-CtIP at protein-occluded DSBs. Sae2/CtIP

activates the MRX/MRN endonuclease activity to generate a nick, followed by bidirectional
resection catalyzed by MRN in the 3’ to 5" direction and EXO1 in the 5" to 3’ direction.
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