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Abstract
Homology-dependent repair of DNA double-strand breaks (DSB) initiates by the 5′-3′ resection of
the DNA ends to create single-stranded DNA (ssDNA), the substrate for Rad51/RecA binding.
Long tracts of ssDNA are also required for activation of the ATR-mediated checkpoint response.
Thus, identifying the proteins required and the underlying mechanism for DNA end resection has
been an intense area of investigation. Genetic studies in Saccharomyces cerevisiae show that end
resection takes place in two steps. Initially, a short oligonucleotide tract is removed from the 5′
strand to create an early intermediate with a short 3′ overhang. Then in a second step the early
intermediate is rapidly processed generating an extensive tract of ssDNA. The first step is
dependent on the highly conserved Mre11-Rad50-Xrs2 complex and Sae2, while the second step
employs the exonuclease Exo1 and/or the helicase-topoisomerase complex Sgs1-Top3-Rmi1 with
the endonuclease Dna2. Here we review recent in vitro and in vivo findings that shed more light
into the mechanisms of DSB processing in mitotic and meiotic DSB repair as well as in telomere
metabolism.

1. DNA end-resection: Why and when, who and how?
Cells have developed elaborate mechanisms to detect and repair a wide variety of DNA
lesions, including DNA double strand breaks (DSBs), one of the most cytotoxic forms of
DNA damage. DNA double-strand breaks can arise accidentally during normal cell
metabolism, by exposure to DNA damaging agents, or as intermediates in programmed
genome rearrangements. The timely detection and accurate repair of DSBs is integral to the
maintenance of genome integrity. Highly conserved proteins are recruited to DSBs for
checkpoint activation and subsequent repair. Their importance is evident by the inherited
defects resulting in sterility, developmental disorders, immune deficiencies and
predisposition to cancer caused by deficiencies in these factors [1].

Two mechanistically distinct pathways have evolved to repair mitotic DSBs: homologous
recombination (HR) and non-homologous end joining (NHEJ). As their names imply the
first relies on the presence of an undamaged homologous duplex to serve as a template for
repair of the broken chromosome while the latter involves the religation of the DSB ends
with little or no homology. A key feature of HR is the preservation of the genetic material,
as the donor sequence is usually the sister chromatid. On the other hand, NHEJ can be
accompanied by gain or loss of nucleotides at the junction and is therefore considered
mutagenic [2].
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The repair of DSBs by HR requires the processing of the ends to yield 3′ single-stranded
DNA (ssDNA) tails or overhangs, which are substrates for the Rad51/RecA strand exchange
protein. The transition from DSB to ssDNA is also required for activation of the ATR-
mediated checkpoint response [3]. Insofar as the resected DNA ends are inhibitory to NHEJ,
DNA end-resection is the first step that differentiates HR and NHEJ and therefore
constitutes a critical control point in repair pathway choice. Consequently, end resection is
cell cycle regulated to ensure that it takes place during the S and G2 phases of the cell cycle
when the presence of the sister chromatid provides a template for accurate repair by HR [4–
6].

Recent genetic studies by several laboratories have elucidated the molecular details of DSB
end resection in Saccharomyces cerevisiae and a two-step mechanism that includes
nucleases and helicases has been proposed [7,8]. Shortly after the DSB is formed, the highly
conserved Mre11-Rad50-Xrs2 (MRX) complex is recruited to DNA ends to exert
architectural and catalytic functions. The MRX complex provides the Mre11 nuclease which
cooperates with Sae2 to catalyze the first step in DSB processing, the removal of a short
oligonucleotide from the 5′ end [7–9]. The initial step is essential for meiotic DSB
processing, in which DSBs are formed by the topoisomerase Spo11. Upon DNA cleavage,
Spo11 remains covalently attached to the 5′ ends of the break presenting a block to
resection. Removal of Spo11 from meiotic DSB ends involves a Sae2 and MRX-dependent
endonucleolytic step that releases Spo11 bound to a short (10–40 nt) oligonucleotide [10].

Several studies suggest that the action of MRX-Sae2 in the initiation of end resection is the
rate-limiting step for DSB processing. Based on quantitative measurement of ssDNA
intermediates formed in vivo at a defined DSB, Zierhut et al [11] reported that initiation of
resection likely occurs with a stochastic, slower rate compared to the rate measured for
processive resection far from the break. In agreement with these findings, it was reported
that initiation of 5′ processing is about three orders of magnitude slower than the 5′
processing rate once initiated [12]. In cells lacking MRX the rate of resection 28 kb away
from the break is not significantly different to wild-type cells [8]. Similarly, a prominent
stabilization of cut fragments produced at an inducible DSB was reported in the mre11Δ
mutant, but resection was still detected 7kb away from the DSB [7]. Collectively, these
observations are in support of a model in which the MRX-Sae2 cleavage step accelerates the
rate of resection initiation.

The short 3′ ssDNA tails formed after MRX-Sae2 cleavage are subject to extensive resection
in a second step executed via two parallel pathways. One is dependent on the 5′-3′
exonuclease, Exo1, while the other depends on the concerted action of the Sgs1-Top3-Rmi1
complex (hereafter referred to as STR) with the Dna2 endonuclease [7,8,13]. The
extensively resected ssDNA tracts formed vary in length from a few hundred nucleotides to
tens of kilobases depending on the availability and location of the homologous template and
correlate with the kinetics of repair [14]. The formation of long ssDNA tracts might only
occur when the preferred template for repair (sister chromatid) is not available, for example,
when both sister chromatids are cleaved by HO endonuclease. Long ssDNA tracts are
required, however, to activate the G2/M checkpoint and it has been suggested that extensive
resection serves to ensure the fidelity of repair [8,14]. MRX-Sae2-dependent, minimally-
processed intermediates accumulate in the absence of both STR and Exo1, but can support
mitotic gene conversion, albeit inefficiently [7,8]. De novo telomere addition, a rare DSB
repair event in wild type cells, becomes frequent in the absence of long range resection by
Exo1 and STR-Dna2 [14–16].

The helicase-nuclease ensemble for DNA resection seems to be a general theme in DNA-
end processing machinery. In Escherichia coli both the dominant and the back-up end-
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processing activities, the RecBCD complex and RecQ-RecJ, respectively, employ helicases
and nucleases [17–19]. DNA end resection in Bacillus subtilis by AddAB bears a close
resemblance to that catalyzed by RecBCD [20]. In archaea, studies performed with purified
Pyrococcus furiosus proteins, suggest that end resection is executed by the bipolar helicase
HerA and the 5′-3′ exonuclease NurA [21]. The Mre11-Rad50 complex stimulates end
resection by HerA-NurA, similar to findings with eukaryotic systems (see below). Finally, a
more recent study in Mycobacterium smegmatis identified the AdnAB complex as a novel
helicase-nuclease end resection complex [22]. A role for a RecQ family helicase in resection
appears to be conserved in human cells and in Xenopus extracts. The mammalian Sgs1
homolog, BLM, functions in a parallel pathway with Exo1 to promote DSB resection [13],
while the Xenopus WRN RecQ helicase catalyzes unwinding of DNA ends followed by 5′-3′
degradation of the single-strand tails by the Xenopus DNA2 nuclease [23].

2. In vitro reconstitution of end resection
Three groups have recently reconstituted elements of the resection process in vitro with
purified S. cerevisiae proteins [24–26]. Two of the studies focused on the Sgs1-Dna2
pathway and reported that purified Sgs1, Dna2 and RPA constitute a minimal set of proteins
required for resection of linear duplex DNA in an ATP-dependent manner [24,26]. Sgs1 and
Dna2 interact physically and replacement of Sgs1 with Srs2 or Pif1 helicase could not
support degradation of the template DNA, suggesting functional interaction as well.
Moreover, resection of the linear substrate was dependent on the helicase activity of Sgs1
and the nuclease activity of Dna2, in agreement with the in vivo results [7,8,24,26]

The directionality of Sgs1-Dna2 promoted end resection is 5′ to 3′, with only limited
processing of the 3′ strand in the vicinity of the DNA break. Since Dna2 can degrade 5′ and
3′ strands in vitro, both studies investigated the mechanism that establishes strand bias in
end resection. It is interesting that RPA serves this role. Not only was RPA required for the
Sgs1-mediated DNA unwinding step, but also enhanced the 5′ to 3′-degradative capacity of
Dna2 while repressing 3′ to 5′ degradation, thus enforcing the 5′ strand specificity of the
resection machinery [24,26]. It is possible that Dna2 is responsible for the limited
degradation observed for the 3′ strand, which might happen just before RPA can bind to the
short 3′ overhang to establish the strand bias.

Addition of Top3-Rmi1 stimulated resection by increasing the affinity of Sgs1 for DNA.
This stimulatory role was most evident in suboptimal conditions when the Top3-Rmi1
complex became effectively essential for recruiting Sgs1 to the DNA [24]. Notably, the
catalytic activity of Top3, which is indispensable for double Holliday junction dissolution, is
not required for the stimulation of DSB resection both in vitro and in vivo [26].

Both of the above studies addressed the role of the MRX complex in the reconstituted end-
resection assays. Addition of purified MRX complex stimulated the Sgs1-Dna2-RPA end
resection two- to four- fold by promoting Sgs1-mediated DNA unwinding [24,26].
Moreover, MRX interacts with Sgs1 and Dna2 raising the possibility that MRX potentiates
resection by recruiting Sgs1 and Dna2 to the DNA ends [24,26]. Resection of 3′ ssDNA
tailed substrates by Sgs1-Dna2 was independent of MRX, suggesting that in addition to
acting as a scaffold, the MRX complex stimulates Sgs1-Dna2 resection by creating DNA
substates that efficiently recruit Sgs1-Dna2 [26].

In vitro reconstitution of the Exo1-dependent pathway was the focus of the third study [25].
Using a linear dsDNA substrate, Nicolette et al. [25] reported 5′-3′ degradation catalyzed by
Exo1, in agreement with previous findings [27,28]. Addition of purified MRX-Sae2 resulted
in a concentration dependent stimulation of Exo1-mediated degradation; at high
concentrations Exo1 exhibited MRX-Sae2 independent activity, but at limiting
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concentrations MRX-Sae2 strongly stimulated the Exo1 activity (60 to 300-fold). MRX or
Sae2 alone could stimulate Exo1 activity, but exhibited synergistic stimulation when added
simultaneously [25]. In contrast, addition of Sae2 did not alter the efficiency of Dna2-
mediated 5′ strand processing in the presence of MRX [26]. Unlike Sgs1-Dna2 mediated
resection, RPA was not only dispensable but inhibitory to Exo1 activity in vitro, and MRX-
Sae2 could partially overcome the RPA inhibition [25].

The MRX-Sae2 stimulation was largely dependent on the nuclease activity of Exo1, but
only marginally dependent on the nuclease activity of Mre11, suggesting that Exo1 is
responsible for most of the resection observed in these reactions. Exo1 seems to support 5′
degradation both as an exonuclease and a 5′ flap endonuclease and MRX-Sae2 stimulated
both activities [25]. Collectively, these results suggest that MRX-Sae2 affect the recruitment
of Exo1 to the DNA ends, similar to the MRX-mediated Sgs1 recruitment as proposed by
the other two studies [24,26]. Unlike Sgs1-Dna2, no stable protein-protein interactions could
be detected between MRX or Sae2 and Exo1. Nevertheless, MRX, Sae2 and Exo1 formed
complexes in the context of DNA, as evidenced by the cooperative binding to
oligonucleotide substrates when all proteins were present. Strand-specific UV cross-linking
verified the 5′ strand association of Exo1, which was strongly enhanced by the presence of
MRX-Sae2 [25]. It therefore seems that MRX-Sae2 enables Exo1 recruitment to the DNA
end by creating a specific DNA structure that allows higher affinity binding of Exo1.
Notably, Sae2 was found specifically UV cross-linked to the 3′ strand, independently of
MRX and Exo1 [25]. This observation raises the possibility that like the fission yeast Ctp1,
which inhibits removal of 3′-linked Top1, Sae2 protects the 3′ strand from degradation [29].

To test whether limited 5′ strand degradation was responsible for the Exo1 stimulation by
MRX-Sae2 the Paull group reconstituted end resection in two steps. First, the DNA substrate
was pretreated with MRX-Sae2 followed by removal of protein. The processed substrate
was then incubated with Exo1 alone. Indeed, Exo1-mediated resection was more efficient
when the substrate was pre-resected by MRX-Sae2, suggesting that the limited 5′ strand
processing can promote further processing by Exo1. Nevertheless, addition of MRX-Sae2 in
the second reaction further stimulated Exo1-mediated resection, suggesting that both the
structural and catalytic activities of MRX-Sae2 contribute to enhance Exo1-mediated
resection [25].

Along the same lines, Eid et al. [30] recently reported a physical and functional interaction
between the mammalian homologs of Sae2 and Exo1, CtIP and EXO1, respectively. They
reported that CtIP binds directly to EXO1 in the absence or presence of DNA damage.
Unlike their budding yeast counterparts, purified CtIP inhibited exonucleolytic processing
by EXO1 on both nicked and linearized plasmids with 3′ overhangs, suggesting that CtIP
restrains long range resection by Exo1 [30].

3. Putting the in vitro and in vivo observations together
The in vitro studies described above suggest a stimulatory role of the MRX complex in
promoting DSB processing through the Sgs1-Dna2 and Exo1 pathways. Under certain
circumstances, however, the MRX complex is essential for DSB resection in vivo. There are
several possible explanations for the more important role for MRX demonstrated by genetic
assays. First, the clipping of ends by MRX-Sae2 is essential for removal of Spo11 and
possibly other modifications to the DNA ends; only substrates with ‘clean’ ends were used
for the in vitro assays. Second, the requirement for MRX recruitment of STR-Dna2 and/or
Exo1 is likely to be more stringent in vivo than in the reconstitued systems. Finally, there are
other proteins present in cells that can bind to DSBs, blocking access to the resection
machinery and thus increasing the requirement for the MRX-Sae2 activities. Such a factor is
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the Ku heterodimer, which forms a ring that binds DNA by sliding onto DSB end through its
opening. Once bound, Ku protects the ends from degradation and mediates recruitment of
downstream NHEJ factors [2]. Two recent in vivo studies investigated the interplay between
Ku and the resection machinery in budding yeast [9,31].

Shim et al used chromatin immunoprecipitation assays to investigate recruitment of the
resection machinery at an inducible, unrepairable DSB [9]. Similar to the in vitro results,
they reported that MRX facilitates association of Exo1 and Dna2 to DSBs and the nuclease
activities of Mre11 and Sae2 are dispensable for the recruitment. Unlike Sae2, CtIP was
required for the efficient recruitment of EXO1 at laser induced-DNA damage; depletion of
either MRE11 or CtIP equally impaired EXO1 localization to DSB sites [30]. Whether this
reflects differences in the sensitivity of the applied techniques or a particular requirement for
MRN/CtIP trimming of ends for EXO1 recruitment at break sites with more complex
damage than at endonuclease-induced DSB remains unanswered. In the absence of the MRX
complex the Ku heterodimer accumulates in excess at DSB ends [9,32]. Following loss of
Ku in mre11Δ mutants, recruitment of Dna2 to the DSB was modestly increased, but
recruitment of Exo1 was almost fully restored and correlated with increased resection. The
in vivo findings were further supported by the in vitro finding that the presence of MRX
neutralized the inhibitory effect of Ku on Exo1-mediated 5′ degradation of duplex DNA
ends [9].

In an independent study we investigated the importance of the MRX-Sae2 cleavage in
preventing the inhibitory action of Ku, as monitored by survival in response to ionizing
radiation (IR) [31]. In mre11 nuclease defective (mre11-nd) and sae2Δ mutants, the MRX
complex can form, allowing recruitment of Sgs1-Dna2 and/or Exo1, but the first step in
resection is compromised resulting in radiation sensitivity. Loss of Ku suppressed the IR
sensitivity in a manner dependent on both Exo1 and Sgs1 [31]. In other words, the
requirement for the first step in resection can be bypassed when Ku is absent because access
of Sgs1 and Exo1 is allowed to restore resection. Under these conditions a cooperation
between the first and second step of resection can be established, which resembles the
behavior observed in vitro. Collectively, these results suggest that in addition to acting as a
scaffold, the MRX-Sae2 complex serves to create a processed intermediate that is
stimulatory to the Exo1- and Sgs1-Dna2-mediated resection as evidenced by the in vitro
studies, and furthermore can no longer be bound by Ku, thus negating its inhibitory role.

The more severe phenotype of mre11-nd mutants in fission yeast and mice suggests that the
first step in resection is more limiting in these organisms [33,34]. Considering that Ku
exacerbates the resection defect of the mre11-nd mutant in budding yeast, an attractive
hypothesis is that the presence of Ku is more dominating in these other organisms, raising
the barrier to initiate resection. Alternatively, it is possible that the STR-Dna2 resection
pathway, which seems to contribute more to the IR resistance of the mre11-nd mutant than
Exo1, has more limited functions in end-resection in fission yeast and mice (much like in
budding yeast meiosis) [9,31,35].

4. How redundant are the Exo1- and Sgs1-mediated pathways?
Most studies to date that address the mechanism of mitotic DSB resection report redundancy
between the Exo1 and Sgs1-Dna2 pathways, but recent work on resection of meiotic DSBs
and telomeres suggests otherwise.

In Saccharomyces cerevisiae meiotic DSB formation is tighly coupled with resection and
several lines of evidence suggested a role for Exo1 in the ‘hyperresection’ of meiotic breaks
observed in dmc1Δ mutants [36,37]. Moreover, Manfrini et al. [36] showed that Sgs1-Dna2
contribute to the dmc1Δ hyperresection when Exo1 is absent. Two recent studies addressed
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the role of Exo1 and/or Sgs1 in physiological meiotic DSB resection. Using different assays
to measure 5′ strand resection of DSB ends formed at a meiotic hotspot, both studies
reported a significant role for Exo1 [38,39]. The mean length of ssDNA formed at meiotic
DSBs is 800 nucleotides (nt), but deletion of EXO1 or expression of a nuclease-dead Exo1
isoform reduced it to 270nt [39]. Thus, Exo1 is required for meiotic DSB processing and, as
in mitosis, it is dispensable for the initial resection, which is presumably dependent on
MRX-Sae2 [38,39]. Consistent with previous studies, Zakharyevich et al. showed that the
extent of resection did not change over time, suggesting the initial break formation and
removal of Spo11 are tightly coupled to Exo1-dependent resection of the 5′ ends [39].
Although the nuclease activity of Exo1 is essential for end resection, it is not required for the
Exo1 function in promoting meiotic crossovers [38,39]. Thus, even the short overhangs
produced by MRX-Sae2 can be used effectively for meiotic joint molecule formation and
subsequent resolution to form crossovers.

The use of a meiotic null sgs1 allele showed that Sgs1 does not contribute significantly to
DSB resection during meiosis [39]. From a teleological standpoint, resection during meiosis
when ~150–200 DSBs are formed should be tightly regulated, so it would appear more
advantageous for the cell to employ as few pathways as possible to resect meiotic DSBs.
Finally, as discussed above, the absence of the STR-Dna2 pathway during meiosis could
explain why mre11-nd mutants, which rely on the STR-Dna2 pathway for survival in
response to IR and camptothecin, have such a strong meiotic resection defect [31,35].

Telomeres are also resected in a 5′-3′ fashion, giving rise to the single stranded G-tails,
central intermediates in modulating telomere homeostasis since they serve as substrates for
extension by telomerase [40]. It was recently shown that similar machineries resect DSBs
and telomeres. More specifically, MRX and Sae2 were reported to act in the same pathway,
whereas Sgs1 functions in conjuction with Dna2 [41]. The mre11Δ mutant, but not mre11-
nd, exhibits short telomeres and mrx null mutants are defective in 5′ C-strand degradation,
suggesting that, as with DSBs, the MRX complex provides the scaffold to support telomeric
C-strand degradation [41–43]. A sae2Δ sgs1Δ double mutant was found to recapitulate the
mre11Δ behavior with short, unresected telomeres [41]. These observations suggest that
Sae2 and Sgs1 constitute two distinct but partially complementary pathways for telomere
processing controlled by the MRX complex. The activity of Exo1 at telomeres is blocked by
Ku and this might explain the more severe telomere end processing defect observed for the
sae2Δ sgs1Δ double mutant compared with an endonuclease-induced DSB [7,44].

The contribution of the Exo1-mediated pathway is more evident in the resection of
‘uncapped’ telomeres. The telomeric G-tails are bound by Cdc13, an essential ssDNA
binding protein necessary for telomerase recruitment and end protection [45]. In cdc13
mutants the telomeres become ‘uncapped’ and the C-strand is extensively resected in a
manner partially dependent on Exo1 [46]. Recent studies designed to identify the additional
activities resecting uncapped telomeres, showed that Sgs1 contributes to resection.
Elimination of both Sgs1 and Exo1 prevented resection at loci further than 5 kb from the
telomere, and this was most evident in cells lacking the checkpoint protein Rad9. However,
resection close to the telomere was still detected in exo1Δ sgs1Δ and exo1Δ sgs1Δ rad9Δ
mutants, presumably due to MRX-Sae2 activity. Remarkably, the exo1Δ sgs1Δ rad9Δ triple
mutant is able to grow in the complete absence of Cdc13 [47].

5. Conclusions
During the last few years remarkable progress has been made in our understanding of the
molecular mechanism and control of DNA end processing in mitotic and meiotic DSB repair
as well as in telomere metabolism. However, many questions remain. Are these mechanisms
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conserved in higher eukaryotes? What are the targets of the resection machinery that are
cell-cycle regulated? How redundant are the pathways for long-range resection in mitotic
DSB repair? How much resection is required during sister chromatid recombination? Does
the length of resection affect mitotic crossover levels? Due to the critical role of DSB
resection in determining repair pathway choice and DNA damage signaling one cannot
overstate the importance of answering these questions in order to understand the
mechanisms that maintain genomic integrity.
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Figure 1. Models for the initiation and extension of DSB-end resection
The Mre11-Rad50-Xrs2 (MRX) complex rapidly binds to the DSB to perform a variety of
functions including DSB sensing by the checkpoint machinery, tethering of the DSB ends
and end-processing in preparation for HR. Genetic studies in Saccharomyces cerevisiae
suggest that resection initiation requires MRX-Sae2 catalyzed removal of short
oligonucleotides from the 5′ ends. The intermediate formed is then extensively processed by
two parallel pathways dependent on either Sgs1-Top3-Rmi1 (STR) with Dna2 or Exo1 (left-
hand side model). The recent in vitro studies confirm the genetic observations but also
propose that MRX acts as a scaffold to efficiently recruit the extensive resection machinery
(right-hand side model). Collaboration between the two steps in vivo can be unmasked by
loss of the Yku70-Yku80 (Ku) heterodimer, which can also bind DSB ends and prevents the
efficient recruitment of Exo1 and Sgs1 by MRX-Sae2.
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