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DNA resection in eukaryotes: deciding how to fix the break

Pablo Huertas

DNA double-strand breaks are repaired by different
mechanisms, including homologous recombination and
nonhomologous end-joining. DNA-end resection, the first step
in recombination, is a key step that contributes to the choice
of DSB repair. Resection, an evolutionarily conserved process
that generates single-stranded DNA, is linked to checkpoint
activation and is critical for survival. Failure to regulate

and execute this process results in defective recombination
and can contribute to human disease. Here I review recent
findings on the mechanisms of resection in eukaryotes, from
yeast to vertebrates, provide insights into the regulatory
strategies that control it, and highlight the consequences of
both its impairment and its deregulation.

The repair of double-strand breaks

DNA is constantly challenged both by exogenous agents such as
mutagenic chemicals and radiation and by endogenously arising
compounds such as reactive oxygen species!. To minimize the impact
of these threats, cells have evolved various DNA repair mechanisms.
DNA double-strand breaks (DSBs) are the most cytotoxic forms of
DNA damage. Inaccurate DSB repair leads to mutations and/or gross
chromosomal rearrangements (GCRs)!. Moreover, the controlled
repair of programmed DSBs occurs during physiological processes
such as meiosis or the diversification of immunoglobulins. Therefore,
inherited defects in DSB repair genes cause embryonic lethality, steril-
ity, developmental disorders, immune deficiencies, and predisposition
to neurodegenerative diseases and cancer.

There are two major ways of repairing DSBs'. Nonhomologous
end-joining (NHEJ) ligates together the two DNA ends with little or
no processing?® (Fig. 1); it is highly efficient but prone to generating
mutations at the sites of joining. Furthermore, because there is no
apparent mechanism to ensure that the two ends being joined were
originally contiguous, NHE] can yield GCRs such as inversions and
translocations. The second DSB repair mechanism is a set of pathways
that use an undamaged homologous DNA sequence as a template
for accurate repair, collectively known as homologous recombination
(HR)? (Fig. 1). Although HR has been primarily studied as a response
to DSBs, its primary function is probably to deal with stalled or
collapsed replication forks!.
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HR has been extensively reviewed?. Briefly, all HR subpathways
are initiated by a 5’3 degradation of one strand at both sides of the
break, generating stretches of single-stranded DNA (ssDNA) that
is then coated by the ssDNA binding protein complex RPA—the
so-called DNA-end resection. Three of the HR subpathways use the
ssDNA molecule to invade a homologous DNA region situated else-
where in the genome (donor sequence), which is used as a template
for DNA synthesis. After this, the three mechanisms diverge (Fig.1)3.
In double-strand-break repair (DSBR), the second end is captured
and extended and then the newly synthesized DNA is ligated to the
end of the resected strands to form two cruciform structures known
as Holliday junctions, which can be resolved by different mecha-
nisms>. In break-induced replication (BIR), after one-end inva-
sion, replication simply proceeds until the end of the chromosome.
Synthesis-dependent strand annealing (SDSA) can follow either
one-end or two-end invasion events (one-ended invasion shown
in Fig. 1); the partially replicated strands reanneal and are ligated.
The fourth subpathway (single-strand annealing; SSA) is used only
when two homologous regions flank the DSB site. In this case, the
homologous regions are exposed, and after annealing and cleavage
of the DNA overhang, the ends are ligated, resulting in the deletion
of the intervening region. A mechanism that shares some genetic
requirements with both NHE] and SSA—microhomology-mediated
end-joining; MMEJ—has recently been described as well (Fig. 1; for
review see ref. 4).

A key feature of HR-based repair, except for SSA, is the preserva-
tion of the genetic material, as the donor sequence is usually the sister
chromatid. However, when the donor sequence used is not the sister
chromatid but another homologous region, HR can yield GCRs such
as deletions, inversions or loss of heterozygosity'.

The choice between different DSBs repair pathways is tightly regu-
lated, and resection represents a primary regulatory step. Resection is
needed for MME] and all HR pathways>*, and resected DNA decreases
NHE] efficiency, likely as a result of poor binding of the NHE] factor
Ku70-Ku80 to ssDNA?. Indeed, the balance between HR, MME] and
NHE]J has been shown to be controlled by key DNA resection factors
such as Sae2 (refs. 6,7) and CtIP®?, Furthermore, formation of RPA-
coated ssDNA after DNA-end resection is a critical intermediate of
checkpoint activation!® and is key in the switch from the ATM-driven
to the ATR-controlled checkpoint!!. Consequently, DNA resection is
a highly complex and regulated process.

Mechanism of resection

The core resection machinery is conserved in all kingdoms of life
(Table 1)>*12-21, An important component is the Mrell complex,
composed of Mrell, Rad50, and a third protein known as Xrs2 in
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the budding yeast Saccharomyces cerevisiae and as Nbs1 in most other
eukaryotes®?2~27. Mre11 is a nuclease related to bacterial SbcD, whereas
Rad50 is homologous to bacterial SbcC. By contrast, Nbs1/Xrs2
is less conserved and is restricted to eukaryotes. The C terminus of
Nbs1/Xrs2 possess an interaction motif for ATM (in budding yeast,
Tell), a protein kinase that controls DNA damage—induced events?$2°.
The entire Mrell complex acts as a single functional unit because
loss of any of the three subunits results in similar phenotypes®:
hypersensitivity to DNA-damaging agents, impaired HR and defec-
tive meiosis. In vitro, the Mrell complex shows both endonuclease
and exonuclease activities?>. However, budding yeast mrel I nuclease
mutants have a much milder phenotype than cells lacking Mrell,
which have only partial defects in resection of endonuclease-induced
DSBs?%. This reflects additional roles for the Mrel1 complex in check-
point activation or maintenance of chromosome structure®?2-2>:26
but also argues against the idea that Mrell is the main nuclease for
resection. Moreover, Mrell exonuclease activity in vitro operates
in the 3’-5’ direction, opposite to the direction of resection in vivo.

Table 1 Proteins involved in resection in different eukaryotes
E. coli

P. furiosus S. cerevisiae S. pombe H. sapiens Function

RecBCD Unk. Unk. Unk. Unk. DNA helicase, ATPase,
5" exonuclease,
3’ exonuclease
SbeD Mrell Mrell Rad32 Mrell 3’-5’ exonuclease,
endonuclease
SbcC Rad50 Rad50 Rad50 Rad50 ATPase
Unk. Unk. Xrs2 Nbs1 Nbsl
Unk. Unk. Sae2 Ctpl CtIP ssDNA specific
endonuclease
Unk. Unk. Unk. Unk. BRCA1 Ubiquitin ligase
Unk. Unk. Exol Exol Exol 5’-3’ exonuclease
RecQ Hjmab Sgsl Rgh12 RECQ1?, DNA helicases
BLM,
WRNg,
RTS?,
RECQ5
RecJ Several Unk. Unk. Unk. 5’-3’ exonuclease
homologs?
Unk. Unk. Dna2 Dna22 Dna22 5’ flap endonuclease,
DNA helicase
Unk. Unk. Rad9 Crb22 53BP12  Checkpoint adaptor
protein
Unk. NurA Unk. Unk. Unk. ’'~3” exonuclease
Unk. HerA Unk. Unk. Unk. DNA helicase

E. coli, Escherichia coli; P. furiosus, Pyrococcus furiosus; S. cerevisae, Saccharomyces
cerevisiae; S. pombe, Schizosaccharomyces pombe; H. sapiens, Homo sapiens; Unk.,
unknown.

aNot formally shown to be involved in DNA resection. PDespite the lack of RecQ sequence
orthologs in Archea, Hjm can complement E. coli RecQ mutants.

Figure 1 The repair of DNA double-strand breaks (DSBs). DSBs can

be repaired using several different mechanisms. Both ends can be

simply rejoined with little or no further processing (nonhomologous
end-joining; NHEJ) or can be repaired using homologous sequences (red
DNA; homologous recombination) after 5'-3” degradation has occurred
(resection). The 3’-OH group exposed after resection can be used to prime
DNA synthesis using a homologous region as a template after DNA strand
invasion. The newly synthesized DNA (light blue) can then be joined

with the 5” end of the resected strand forming a double Holliday junction
(double-strand break repair; DSBR), or can be displaced and reannealed
(synthesis-dependent strand annealing; SDSA); or DNA synthesis can
continue to the end of the chromosome (break-induced replication; BIR).
If two homologous regions flank the DSB, they can anneal after being
exposed by DNA resection (single-strand annealing; SSA), which causes
the deletion of the intervening region. An additional mechanism that shares
components with both SSA and NHEJ, and uses short homology stretches
(usually 2-3 bp) flanking the DSB, can also be used (microhomology-
mediated end-joining; MMEJ).

Mrell is a poor nuclease, both endo- and exo-, and thus is unlikely
to be responsible for generating the extensive ssDNA observed
in vivo?>»?7,

The poor in vitro activity of Mrell may reflect the lack of accessory
factors. One likely candidate is the budding yeast protein Sae2. sae2
deletion phenocopies the nuclease-defective mrel I mutants and a spe-
cific family of mutations in Rad50 called rad508S (ref. 30): that is, sae2A
strains are completely defective in processing meiotic DSBs*1~33 but
are mildly sensitive to DNA damaging agents and impair DNA-end
resection only partially®*. Sae2 is an endonuclease that cooperates with
the Mrell complex in the processing of various DNA structures’>.
The current model proposes that the endonuclease activities of Mrel1
and/or Sae2 initiate resection (Fig. 2). This endonucleolytic process-
ing will, theoretically, release small ssDNA oligonucleotides. Such oli-
gonucleotides have been observed in the processing of meiotic DSBs
in yeast32 and have been detected in Xenopus laevis extracts>®

DNA-end resection and HR are barely affected in the absence of Sae2
and are not at all affected in mrel 1 nuclease—defective mutants2434,
suggesting the existence of additional nucleases. One candidate is the
5’-3" exonuclease Exo1, which is conserved from yeast to humans!?
and is essential for DNA-end processing at uncapped telomeres®’.
Like deletion of sae2, exol deletion results in only mild DNA damage
sensitivity and partial impairment of DNA-end resection®3. sae2 exol
and exol mrell double mutants show a synergistic decrease in DNA-
end resection and greater DNA-damage sensitivity than the single
mutants®. Overexpression of EXO1 partially rescues the DNA sensi-
tivity phenotype of mrel I mutants®®, suggesting that Mre11 and Exo1l
may function in parallel pathways. Surprisingly, mrel I exol mutants
show residual DNA-end resection, suggesting that a third pathway also
exists>?. In bacteria, the multifunctional enzyme RecBCD, which har-
bors helicase and nuclease activities, does most of the resection, but
in its absence, the helicase RecQ acts together with the nuclease Rec]
to resect DNA ends'2. Mutations in sgsI, the budding yeast homolog
of RecQ, in combination with exo1 deletion completely abolish long-
range DNA-end resection, and only some minimal processing close
to the break can be detected in such double mutants'31621, Residual
processing is dependent on Sae2 and Mrel1 (refs. 13,16,21). As is the
case for bacterial RecQ, budding yeast Sgs1 works in combination
with a nuclease called Dna2 (ref. 21). Although Dna2 has both helicase
and flap-endonuclease activity*’, only the nuclease activity is required
for DNA-end resection?!.

The following model for DNA-end resection has been proposed
in S. cerevisiae'>1621 (Fig, 2). First, the Mrel1 complex and Sae2 are
responsible for the initial processing through their endonucleolytic
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activities. The resulting partially resected DNA is further processed by
the action either of Exol or of Sgs1 and Dna2. In the absence of Sgs1
and Exo1, the activities of Mrel1l and Sae2 are responsible for short-
range processing (Fig. 2). Although Sae2 and Mrell are completely
essential for resection during meiotic recombination, their functions
can be bypassed during mitotic recombination®434, This difference is
probably due to the specific nature of meiotic DSBs, which requires
Mrell and Sae2 to remove the covalently bound nuclease, Spoll,
that creates the breaks?>*!. The nature of this bypass is unknown,
but it probably involves Exol and Sgs1, as sae2 exol sgs] mutants are
unable to resect DNA and overexpression of Exol partially rescues
mrel I mutants'®213° (Fig. 2).

Resection in vertebrates
For a long time, the only component of the DNA-end resection
machinery known in higher eukaryotes was the Mrel1 complex!1:22:26,
Recently, functional counterparts of Sae2 have been found in several
organisms®>!>1718:20 (Table 1). Human CtIP, as well as fission yeast
Schizosaccharomyces pombe Ctpl, physically interact with the Mrell
complex and have a major role in ssDNA formation at the site of
DSBs>1>18 but it is still unknown whether they function as endonu-
cleases like Sae2. In vitro, human CtIP together with Mrel1 showed an
increased nuclease activity compared with Mrel 1 alone!8, but whether
this activity relies on Mrell, CtIP or both remains to be established.
CtIP downregulation completely abolishes ssDNA formation, as meas-
ured from RPA focus formation®%1318 in contrast with S. cerevisiae
sae2 (refs. 6,34,38) or S. pombe ctpl (ref. 15). Whether this is due to dif-
ferences in the techniques used or reflects a true impossibility of resec-
tion in the absence of CtIP is still an open question. Although in vitro
Mrell, Rad50 and CtIP are sufficient to catalyze the nuclease activ-
ity'8, they require additional factors in vivo. Apart from Nbs1, which
is necessary for recruitment of the Mrel1 complex to sites of breaks*!
proper DNA resection in vertebrates requires the action of specific
factors such as the tumor suppressor BRCA1 (refs. 9,42). BRCAl is an
ubiquitin ligase that physically interacts with and polyubiquitinates
CtIP*, Interaction of CtIP and BRCA1 is controlled by phosphoryla-
tion and is essential for CtIP recruitment to sites of DNA damage*?
and proper DNA resection®*2. However, the role of BRCA1-mediated
ubiquitination in DNA-end resection remains to be determined.
Despite the strong effect of CtIP downregulation, both the Exol
and Sgs1 resection pathways are functional in higher eukaryotes!?
Although in humans there is only one ortholog of Exo1, there are five
homologs of RecQ and Sgs1 (Table 1), and at least one of these (BLM)
is involved in DNA resection!?. As in yeast, the BLM pathway appears
to be parallel and independent of Exo1, as the simultaneous down-
regulation of Exol and BLM severely impaired ssDNA formation!3

PERSPECTIVE

Figure 2 Mechanism of resection in budding yeast. DSBs are detected by
the Mrel1l complex (MRX) and Sae2. Upon activation of the endonucleolytic
activity of MRX and Sae2, initial processing results in the generation of
short stretches of single-stranded DNA. This partially resected DNA will then
be the substrate for further nucleolytic degradation either by Exol or by
Dna2 and Sgsl. The initial processing by Mrell and Sae2 can be bypassed
in mitotic interphase (dashed black arrow), probably by the action of Exol
or of Sgs1 and Dna2. In the absence of Exol and Sgs1, several rounds

of the endonucleolytic activity of Mre11-Sae2 will be sufficient for short
processing close to the ends (dashed red arrow).

However, in vitro BLM interacts with Exo1 and stimulates its activity*4,
arguing that BLM and Exol might function in the same pathway.
Future work will be required to clarify these discrepancies between
the in vivo and in vitro data. The role of vertebrate Dna2 is also
unclear. Human Dna2 is an endonuclease® (Table 1), and although
it is primarily located in the mitochondria®, it is also present in the
nucleus*®. Xenopus Dna2 possesses the major activity responsible for
5'—3" DNA processing in extracts*’

The helicase-nuclease tandem for DNA resection seems is a general
theme of DNA-end processing machinery®. In addition to Sgs1 and
Dna2, RecBCD and RecQ)J, in the archean Pyrococcus furiosus SbcCD-
mediated resection is stimulated by the action of the HerA-NurA
helicase-nuclease pair48. Therefore, it is possible that in the future
other helicases will be found to be involved in resection. Strong can-
didates are the additional members of the RECQ family (Table 1). In
fact, human RECQ5 has been shown to be recruited to sites of DNA
damage by the Mrell complex and has been reported to inhibit the
3’-5" nuclease activity of Mrell (ref. 49).

Regulation of resection

DNA-end resection has a major role in regulating the balance between
HR and NHEJ#%3° and is a key modulator of checkpoint activa-
tion!0. Therefore, it is highly regulated and responds to many differ-
ent cellular signals. An overview of the multiple layers of regulation
of DNA-end resection is shown in Figure 3 and explained in more
detail below.

DNA-end resection during the cell cycle. HR is a highly accurate repair
process when the sister chromatid is readily available and held in close
proximity after DNA replication either in S or G2. Therefore, DNA-end
resection and HR are almost completely confined to S and G2 (refs.
11,50,51). Although from now on we will distinguish merely between
the G1 (little or no resection) and S/G2 (high resection) phases, resec-
tion occurs faster in S than in G2 (ref. 52). The mechanism under-
lying this difference remains unclear. One tempting idea is that the
DNA replication machinery itself can recruit the resection machinery.
Accordingly, CtIP has been shown to be recruited to active replication
sites via an interaction with the replication factor PCNA>3, As a result
of this difference between G2- and S-phase resection, it is also difficult
to compare results obtained with cycling versus G2-arrested cells, and
from this point on we note when arrested cells were used.

DNA resection takes place only when cyclin-dependent kinases
(CDKs), master regulators of cell cycle progression, are active
(S/G2)®11:3051 5o far, Rad9 and Sae2 have been implicated in the
CDK-dependent regulation of DNA resection in S. cerevisiae. Deletion
of the checkpoint protein Rad9 increases DNA-end resection even
when CDKs are not active (G1)>%. Rad9, a large chromatin-binding
protein, could pose a physical obstacle for processive DNA resec-
tion. Indeed, rad9A mutants resect faster and further than wild type,
suggesting that CDK-mediated phosphorylation of either Rad9 itself
or an unknown substrate can diminish this physical block®*. Rad9,
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Figure 3 Regulation of resection in budding
yeast. Schematic representation of how
DNA-end resection is regulated. Positive actions
are shown as red arrows and negative regulations
as light blue arrows; solid arrows represent
interactions by known mechanisms and dashed
arrows interactions by unknown mechanisms.
Question marks indicate points at which
additional layers of regulation may be acting.
DNA end resection is activated in S/G2 cells by
the activity of CDKs, directly by phosphorylation
of Sae2 and by an unknown mechanism
regulating Rad9. Although Rad9 does not bind
naked DNA but rather chromatin, histones are
not shown for simplification. The presence

of KU and Rad9 are negative regulators of
resection. Multiple or ‘ragged’ ends also
stimulates DNA processing even in G1 cells.

and its orthologs (Table 1) 53BP1 (higher
eukaryotes) and Crb2 (fission yeast), undergo
multiple CDK-dependent phosphoryla-
tions>>%°, but it is unknown whether these
modifications affect resection.

Sae2 is directly phosphorylated by CDK at Ser267 (ref. 6).
Impairment of this phosphorylation leads to a reduction in DNA-
end resection, a delay of HR, an increase in NHE] and an increase in
DNA-damage sensitivity®. More interestingly, sae2-S267E mutants,
which mimic constitutive phosphorylation, resect in the absence of
CDK activity and, as a consequence, have faster HR and decreased
NHE]J®. The sae2-S267E strain is not sensitive to DSBs that arise dur-
ing DNA replication, but it shows enhanced hypersensitivity when
DSBs appear in G1 (ref. 6). Although sae2-S267E mutants resect in the
absence of CDK, such resection is limited to a few kilobases flanking
the break®, suggesting a lack of activation of the Exol and/or Sgsl
pathways!417:22,

Sae2 and CtIP share only a small stretch of sequence homology,
but this short region includes Sae2 Ser267 and its equivalent CtIP
Thr847 (refs. 6,8,9,17,18,20). Moreover, CtIP Thr847 phospho-
rylation controls DNA-end resection in human cells much as Sae2
Ser267 phosphorylation does in budding yeast. Impairment of this
phosphorylation, as well as constitutive phosphorylation, leads to the
appearance of GCRs due to an imbalance between NHE] and HR®,
Phosphorylation of chicken CtIP at the equivalent residue has similar
functions’. As all the homologs of Sae2 and CtIP except S. pombe
Ctp1 share this small region of homology®$%1>17:18.20 it js tempting
to speculate that a similar mechanism regulates DNA resection in
most eukaryotes. In fact, S. pombe Ctpl, although lacking a residue
homologous to Ser267, is controlled during the cell cycle both tran-
scriptionally and by CDK phosphorylation!>>7,

Additional layers of regulation by CDKs control CtIP function.
CtIP protein levels are minimal in G1 and increase in S/G2 (ref. 42).
Moreover, CDK-dependent phosphorylation of CtIP at Ser327 pro-
motes its interaction with BRCA1 in S/G2 (ref. 58), which is essential
for CtIP recruitment to sites of DSBs and CtIP-mediated DNA-end
resection®4%38, How CDK-dependent phosphorylations of Ser327
and Thr847 collaborate to regulate DNA resection and HR is not
clear, but both seem to be essential. Ser327 phosphorylation, CtIP-
BRCAL1 interaction and CtIP recruitment to sites of damage are not
affected by Thr847 phosphorylation®, and mutants that mimic con-
stitutive Thr847 phosphorylation cannot suppress the lack of BRCA1
(ref. 9). On the contrary, a CTIP-T847E phosphomimetic mutant is
able to resect DSB in G1 to a certain extent, even in the absence of an
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G1 cells
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interaction with BRCA1. One possible model is that CDK-dependent
phosphorylation at CtIP Thr847 is required to activate the DNA-
resection machinery, but BRCALI is required to efficiently target CtIP
to sites of DSB in G2. Although phosphorylation of Sae2 Ser267 or
CtIP Thr847 reflects a conserved mechanism of activation of DNA-
end resection, the targeting of Sae2, Ctpl or CtIP to sites of DNA
damage has diverged throughout evolution; recruitment of CtIP
requires BRCA1 (ref. 42), Ctpl requires Nbs1 (ref. 57) and Sae2 is
recruited by itself to sites of DSBs>°. Despite the conservation between
Sae2 Ser267 and CtIP Thr847 in the licensing of DNA resection, little
is known about the molecular mechanism underlying this activation.
One tempting idea is that phosphorylation at these residues stimulates
the nuclease activity of Sae2 (ref. 35), but such activity has yet to be
proven for CtIP. Another possibility is that such modifications affect
DNA-end resection by either helping the recruitment of positive fac-
tors or blocking the action of negative modulators.

In addition to the CDK-dependent phosphorylations of Sae2, CtIP
and Rad9, it is clear that other cell cycle-regulated phosphorylations
or post-translational modifications of the resection machinery are
required to fully activate long-range DNA resection.

DNA-end resection and the checkpoint. The nature of the breaks
also regulates DNA-end resection. Low numbers of endonuclease-
generated DSBs are not resected in G1 (refs. 6,50-52,60). However,
similar numbers of DSBs produced by y-irradiation result in lim-
ited DNA resection, sufficient to promote RPA focus formation
in yeast>®°l, y-irradiation—induced resection, similar to that in
sae2-S267E mutants, covers only a few kilobases and is probably
due to the action of Mrell and Sae2 rather than that of Exol or
of Sgs1 and Dna2. It has been proposed that cells distinguish these
radiation-induced breaks as ‘ragged’ ends, as opposed to the ‘clean’
endonuclease-induced breaks, and activate processing activities to
‘clean’ them®!. In addition to the type, the number of breaks also
plays a role in the activation of DNA resection®?. In S/G2, the more
DNA breaks generated, the faster the resection takes placeSz. In
G1, induction of up to three endonuclease-induced breaks results
in no resection, but four breaks are sufficient to activate DNA-end
resection®2. Similar to what occurs either with “ragged” breaks or in
sae2-5267E mutants, resection activated in G1 by multiple breaks is
limited to the proximity of the end>2. How the number or type of
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breaks modulate the response is not understood, but it is probably
related to checkpoint activation, a process intimately connected to
DNA resection. The Mrell complex is required, independently of
its resection activity, for the recruitment?® and activation?’ of the
apical checkpoint kinase ATM (Tell in budding yeast). The resec-
tion machinery is also a downstream substrate of this checkpoint
kinase. Tell phosphorylates Sae2 and ATM phosphorylates CtIP in
response to DNA damage, and these phosphorylations are essential
for resection!®%2, As discussed previously, the checkpoint protein
Rad9 blocks DNA resection®%. Thus, it is possible that activation of
Rad9 by checkpoint kinases also facilitates resection>*. Once resec-
tion is activated, it creates a positive feedback loop that amplifies the
signal. The production of short, Mrel1-generated oligonucleotides
contributes to further activation of ATM in Xenopus®. In addi-
tion, DNA-end resection generates ssDNA, which activates another
checkpoint kinase, ATR!%18:38 (Mec1 in budding yeast), providing a
potential mechanism for ATM-mediated ATR activation!!?3, Mecl
phosphorylates Sae2 at the same sites as Tell (ref. 62), thus further
hyperactivating Sae2. Additionally, CtIP also controls the recruitment
of the human PCNA-like DNA-damage sensor, the 9-1-1 complex to
sites of ionizing radiation—induced DSBs®.

In budding yeast the hyperphosphorylation of the major down-
stream checkpoint kinase Rad53 cannot be detected on ionizing
radiation—induced ragged breaks in G1. However, low levels of
checkpoint activation, as measured by degradation of Smll, can be
observed®!. This limited checkpoint activation can trigger limited
resection, for example via Mecl- or Tell-dependent hyperphos-
phorylation of Sae2. In contrast, Rad53 hyperphosphorylation is
readily observed when four HO endonuclease—induced breaks are
produced in G1, in which case DNA-end resection is also observed®2.
The reason for this difference remains a mystery. One possibility
is that a threshold of ssDNA must be surpassed in order to fully
activate Mecl and cause Rad53 hyperphosphorylation. The limited
resection of four HO-induced breaks, when combined together, may
fully stimulate Rad53 in a way that one or two ragged ends cannot.
A similar threshold mechanism has been proposed for checkpoint
activation by stalled replication forks, in which multiple uncoupled
forks together provide enough ssDNA to activate the checkpoint®4,
Despite all that, fully processive resection is only obtained in S/G2
when CDKs are active®83261,

To add an additional layer of complexity, it has been shown that
the checkpoint machinery can negatively regulate resection of
uncapped telomeres. This is achieved by the phosphorylation, and
consequent inhibition, of Exol (ref. 65). However, it is unknown
whether this negative feedback loop acts on DSBs or whether it is
specific to telomeres.

DNA resection and NHEJ. NHE] and DNA-end resection machineries
compete in vivo for the same substrates. NHE] is generally initiated
by the binding to the break of the heterodimer Ku70-Ku80 (ref. 2),
which serves as a scaffold for other proteins that contribute to the
end-joining reaction. Ku dimers have a high affinity for DSBs, but
they bind poorly to ssDNA® such as that generated by DNA-end
resection. Therefore, resection reduces the ability of Ku to bind, and
consequently, lack of Mrell, Rad50, Xrs2 or Sae2 lead to increased
amounts of Ku bound to DSBs®. By contrast, in the absence of NHE]
proteins such as Ku or ligase IV, an increase in DNA resection and
in the amount of Mre11 bound to the break is observed>>9%:6, Cells
lacking Ku are able to resect in G1 close to the break, in agreement
with an Mrel1- and Sae2-mediated resection>>%C. This limited resec-
tion of a single break is enough to grant full checkpoint activation as
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measured by Rad53 phosphorylation®. Also, in S/G2 cells, resection
is faster in the absence of Ku, and overexpression of Ku70-Ku80
reduces DNA-end resection in G2 cells>20,

Biological relevance of resection

Here I have discussed how DNA-end resection plays a key role in the
repair of DSBs and controls the balance between HR and NHE]J. This
is especially relevant because failure to repair DSB is associated with
human diseases, including cancer. Not only the lack of repair but
also the use of an inappropriate DSB repair pathway can be a source
of GCRs and the appearance of potentially deleterious mutations’.
Accordingly, complete loss of any of the major players in DNA-end
resection, such as Mrell, Rad50, Nbs1 or CtIP, leads to embryonic
lethality in mice®’~%° and increased DNA-damage hypersensitivity
in yeast and mammalian cells®8918,:24,67.68 T addition, point muta-
tions in MREI11, NBS1 and RADS50 result in inherited syndromes
that are associated with increased genomic instability and cancer
predisposition®®7%, CTIP mutations have also been detected in sev-
eral cancers’!72. Moreover, haploid insufficiency of Ctip in mice also
predisposes to cancer®. Additionally, hyperactive sae2-S267E and
CTIP-T847E result in increased sensitivity to ionizing radiation due
to a decrease in NHE]J efficiency and an increase in GCRs resulting
from aberrant HR®$9, Along these lines, overexpression of CtIP can
be detected in several breast cancers’2. Bloom syndrome, caused by
mutations in BLM, is associated with genomic instability and cancer
predisposition’3. Although it is difficult to correlate these genetic
syndromes with resection defects, it is tempting to speculate that
aberrant resection is at least partially responsible for the increased
genomic instability and cancer predisposition observed in individ-
uals with such conditions. Therefore, the understanding of DNA
resection regulation bears great importance for the understanding
of cancer development.

In addition, many cancer therapies are based on the idea that DSBs
are extremely potent promoters of cell death, especially in cancer cells
that divide rapidly and are usually defective in some DSB repair path-
way. In fact, targeting DNA repair mechanisms to increase the lethality
of endogenous damage has proven a successful way to selectively kill
cancer cells’#. The development of new therapeutic strategies that target
the resection machinery, through either inhibition or spurious activation,
could increase the effectiveness of conventional cancer treatments.
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