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Abstract

DNA double-strand breaks (DSBs) are cytotoxic lesions that threaten
genome integrity and cell viability. Typically, cells repair DSBs by either
nonhomologous end joining (NHE]) or homologous recombination (HR).
The relative use of these two pathways depends on many factors, including
cell cycle stage and the nature of the DNA ends. A critical determinant of
repair pathway selection is the initiation of 5'— 3’ nucleolytic degradation
of DNA ends, a process referred to as DNA end resection. End resection is
essential to create single-stranded DNA overhangs, which serve as the sub-
strate for the Rad51 recombinase to initiate HR and are refractory to NHE]
repair. Here, we review recent insights into the mechanisms of end resection,
how it is regulated, and the pathological consequences of its dysregulation.
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INTRODUCTION

DNA double-strand breaks (DSBs) form when both strands of the DNA duplex are severed. DSBs
can result from exposure of cells to exogenous agents, such as ionizing radiation (IR) or some
chemotherapeutic drugs, and can arise spontaneously under conditions of DNA replication stress.
Despite their potential toxicity, DSBs can be programmed by cells and are essential intermediates
during meiosis to ensure accurate pairing and segregation of chromosome homologs (14). Mei-
otic recombination also contributes to the genetic diversity of germ cells. In addition, adaptive
immunity relies on programmed DSBs to increase the diversity of antibodies and T cell receptors
and to switch antibody isotypes (14). Failure to repair DSBs results in loss of genetic information,
whereas inappropriate repair can cause mutations or chromosome rearrangements. Genomic in-
stability stemming from defective DSB repair contributes to a number of human pathologies, in-
cluding immunodeficiency, neurodegeneration, infertility, premature aging, and cancer (42, 108).

DSBs are repaired by one of two main mechanisms: nonhomologous end joining (NHE]) or
homologous recombination (HR) (128). NHE]J involves the direct ligation of DNA ends and is
generally considered to be error prone because gain or loss of sequence can occur prior to the
ligation of ends. By contrast, HR tends to be more accurate because a homologous DNA sequence,
generally the identical sister chromatid, is used as a repair template. The relative use of these two
pathways depends on many factors, including the cell cycle phase and nature of the DNA ends. The
5'—3’ nucleolytic degradation of DNA ends, a process referred to as DNA end resection, plays
a pivotal role in dictating which mechanism is used to repair DSBs (151). DNA end resection
is essential to create 3’ single-stranded DNA (ssDNA) overhangs, which serve as the substrate
for the HR machinery (Figure 1). The resected tracts are initially bound by the ssDINA-binding
protein, replication protein A (RPA), which is then replaced by Rad51 (and Dmcl in meiotic cells)
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Figure 1

Schematic of the two main pathways, NHE] and HR, used to repair DSBs. DNA end resection, which is
essential for HR, occurs by a two-step mechanism. In the first step, the MRIN/X complex and its cofactor
CtIP/Sae2 nick the 5’-terminated strand internal to the end. The nick is an entry site for Mrell nuclease to
degrade the 3’ strand back to the break end, dislodging bound proteins or other blocks, while more extensive
resection of the 5'-terminated strands is catalyzed by EXO1 or DNA2 (in conjunction with BLM, WRN, or
the budding yeast BLM homolog Sgs1). Abbreviations: BLM, Bloom; CtIP, C-terminal binding protein 1
interacting protein; DNA2, DNA synthesis defective 2; DSB, DNA double-strand break; EXO1,
exonuclease 1; HR, homologous recombination; MME], microhomology-mediated end joining; Mrell,
meiotic recombination 11; MRN/X complex, MRE11-RAD50-NBS1/Xrs2; NHE], nonhomologous end
joining; RPA, replication protein A; Sae2, sporulation in the absence of Spo eleven 2; Sgs1, slow growth
suppressor 1; WRN, Werner. Figure adapted from Reference 128 with permission.
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in a reaction facilitated by mediator proteins (128). The Rad51 nucleoprotein filament initiates
pairing and strand exchange with a homologous donor sequence to form a displacement loop
(D-loop). The 3’ invading end within the D-loop can then be extended by DNA polymerases to
replace sequences lost at the break site and by end resection. At the same time, DNA ends with
long ssDNA overhangs are poor substrates for repair by NHE]. Thus, end resection commits cells
to repair by HR and limits the use of NHE]J. Whereas unprocessed DSBs are generally sensed by
ATM/Tell (hereafter we use the notation human/yeast), the ssDNA generated by end resection
is an essential intermediate for activation of the ATR/Mecl-dependent DNA damage checkpoint
(145, 174).

DNA end resection has been most extensively studied in the context of two-ended DSBs gen-
erated by IR; endonucleases; stalled type II topoisomerases; or Spoll, the topoisomerase-like pro-
tein that initiates meiotic recombination. End resection also functions at one-ended DSBs, such
as those formed at broken or reversed replication forks and at telomeres, the natural ends of linear
chromosomes. The current view of end resection is a two-step mechanism, in which the MRE11-
RADS50-NBS1/Xrs2 (MRN/X) complex together with its cofactor CtIP/Sae2 catalyzes the initial
processing of DNA ends (i.e., short-range resection), and, in a second step, one of the long-range
resection nucleases, EXO1 or DNA2, extends the resected tracts, the latter in conjunction with
a RecQ-family helicase: Bloom (BLM; called Sgs1 in budding yeast) or Werner (WRN). Here,
we review recent studies on the mechanism of DNA end resection, how it is regulated, and the
pathological consequences of uncontrolled end resection.

MECHANISM OF DNA END RESECTION

The end resection machineries must process DSBs with the right polarity, targeting DNA degra-
dation to the 5'-terminated DNA strand, while protecting the 3’ end to prevent loss of genetic
information. Resection needs to be highly efficient and at the same time flexible to enable pro-
cessing of DNA ends with noncanonical structures such as protein adducts or secondary DNA
structures. Finally, resection has a built-in control system that allows a cell cycle stage-specific
activation only in the S and G2 phases, when sister chromatids are available as templates for HR-
based repair. A two-step resection mechanism, consisting of short-range and long-range resection
pathways, has evolved to fulfill all of these modalities (Figure 1). Whereas short-range resection
is slow and generally limited to the vicinity of the break end, it is very versatile and capable of
processing DNA ends with noncanonical structures. As the initiating and committing step, short-
range resection is under a strict cell cycle stage control. Long-range resection is instead fast but
generally inefficient in processing DNA ends with large adducts. The combination of the distinct
resection mechanisms guarantees optimal processing of DSBs in most conditions.

Short-Range DNA End Resection by the MRN/X Complex and CtIP/Sae2

The key nuclease responsible for short-range DNA end resection is MRE11, which forms the
Mrel1-Rad50-Xrs2 (MRX) complex in Saccharomyces cerevisize and the MRE11-RADS50-NBS1
(MRN) complex in human cells. In budding yeast, the nuclease activity of Mrell is essential only
for processing DSBs with noncanonical structures such as DNA hairpins or protein adducts, in-
cluding meiotic DNA breaks with covalently attached Spol1, and is largely dispensable for the
processing of clean breaks (100). In contrast to HR in lower eukaryotes, short-range resection
by the MRN complex is indispensable for HR in mammals, even for the repair of clean breaks
(136, 143). The possible reason for this difference is discussed at the end of this section. In
the absence of long-range resection in yeast, the short-range pathway can resect DNA up to
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~300-400 nucleotides (nt) away from the end (102, 179, 183), similar to the estimated length
of short-range resection in mammalian cells (121).

MREI11 is a globular protein that binds RAD50, forming a heterotetramer (M;R;). Adjacent
to MRE11, the N- and C-terminal regions of RADS50 together form a globular ATPase domain
at the base of the complex, from which protrudes a long coiled coil culminating with a zinc hook
at the apex of the structure (73, 168). The zinc hook is a dimerization module that is necessary
for all activities of the MRN/X complex; likewise, the coiled coil is essential, although mutations
with a less severe phenotype have also been described (71, 72, 154). NBS1/Xrs2 has no intrinsic
enzymatic activity per se, likely forming the M, R;N,/X; complex (167).

MREI11 in isolation is a manganese-dependent exonuclease that degrades ssDNA strands with
a 3’— 5 polarity within double-stranded DNA (dsDNA) (123). This polarity of DNA degrada-
tion stands in contrast to the DSB repair model and direct observation in cells, which indicate
that resection occurs in a 5'— 3’ direction (100). This apparent nuclease polarity paradox can be
explained by the action of MRE11 cofactors, which turn MRE11 into an endonuclease that pref-
erentially cuts the 5'-terminated DNA strand (4, 22, 50). Single-molecule studies demonstrated
that MRIN/X can diffuse along DNA, even on nucleosome-coated DNA (110). Questions remain
about the mechanism by which MRN/X identifies the end, in particular when it is bound and
likely obscured by protein adducts. Once the end is identified, the endonuclease of MRIN/X is
engaged and nicks preferentially the 5'-terminated strand some distance away from the break end
(22). Limited DNA cleavage of the 3’ strand was also observed in vitro, as well as cutting of the
3" strand opposite to a nick on the 5’ strand (49). However, experiments with yeast cells suggest
that 3'-strand degradation, which could result in a loss of genetic information, is minimal (35, 148,
183). In the case of a DNA end covalently bound by a protein, or containing a secondary DNA
structure, the MRN/X endonuclease cuts the 5'-terminated DINA strand at sites internal from the
block some distance away from the DSB end (132, 162). This cutting-from-a-flank mechanism
explains the versatility of the complex, which is thus capable of bypassing even covalently bound
obstacles at the DNA end and initiating recombination at DSBs with noncanonical structures.

Depending on the nature of the protein block, MRE11-dependent nicking sites closest to the
DNA end were found ~15-45 nt away in vitro (4, 50, 132, 162), although DNA cleavage at po-
sitions up to ~300-400 nt from the end was also observed in cells (58). It remains to be clarified
whether these more distant sites are cleaved in a stepwise fashion that proceeds gradually away
from the DNA end or whether the MRN/X complex has a capacity to initiate cleavage at the
more distant sites (25). The endonucleolytic cleavage sites then serve as entry points for the long-
range resection nucleases acting downstream. At the same time, the 3'— 5’ exonuclease activity of
MREI11, presumably acting within the MRN/X complex, may proceed from these nicking sites
in the opposite direction back toward the DNA end (Figure 1). The model in which the internal
sites resulting from the endonucleolytic cleavage by the MRIN/X complex serve as initiating points
for both 5'—3’ degradation (EXO1 or DNA?2) and 3'—5’ degradation (MRN/X exonuclease) is
termed bidirectional resection (58, 143). The 3’— 5’ exonucleolytic DNA degradation by MRN/X
back toward the end, possibly coupled with DNA melting (26) and in some cases limited cleavage
of the 3’ end (49), then helps release the protein obstacle from the DNA end, leading to a clean 3’
overhang required for the downstream steps in HR.

What are the functions of the MREI11 partners in short-range resection? RADS50 and its
ATPase are necessary for the endonuclease activity. ATP hydrolysis is required, and structural
studies have illustrated that the MRE11-RADS50 (MR) complex undergoes a notable conforma-
tional change upon ATP binding and hydrolysis (51, 79). In the ATP-bound state, RAD50 blocks
the access of MRE11 to dsDNA and therefore prevents its nuclease activity. Upon ATP hydrol-
ysis, a large conformational change leads to the relocation of RAD50, which makes the DNA
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accessible, thus licensing endonucleolytic DNA cleavage by MREI11. Xrs2 is responsible for the
nuclear entry of the complex and is consequently essential for all of its functions in vivo (159). Bio-
chemical reconstitutions, where nuclear import is irrelevant, and in vivo studies with cells express-
ing mutant alleles engineered with the nuclear localization signal sequence artificially positioned
on Mrell instead of Xrs2 revealed that the third subunit of the complex functions differently in
DNA end resection in lower versus higher eukaryotes. In yeast, Xrs2 is partially dispensable for
resection, while, in contrast, mammalian NBS1 is much more important because its physical inter-
action with MREL11 is specifically required to activate the endonuclease activity (3, 4, 48, 81, 120).

A critical additional cofactor of the MRIN/X complex is CtIP/Sae2/Ctpl, which enables cell-
cycle-dependent regulation of the endonucleolytic activity upon its phosphorylation and, hence,
initiation of DNA end resection and HR (74, 75, 136). Phosphorylation of CtIP/Sae2/Ctpl is
required for this regulatory action. The key phosphorylation events are catalyzed by cyclin-
dependent kinases (CDKs) in the S/G2 phase of the cell cycle at Ser267 in Sae2 and Thr847
in CtIP, although other kinases, such as casein kinase II of Schizosaccharomyces pombe, are also in-
volved (180). In human cells, DNA-damage-dependent CtIP phosphorylation by ATM is required
for resection, while in yeast cells, phosphorylation of Sae2 by the ATM ortholog Tell is largely
dispensable (24, 50, 102, 161, 175). In yeast, phosphorylated Sae2 interacts with Rad50 to activate
the endonuclease of the MR/MRX complex (24), whereas phosphorylated CtIP is instead primar-
ily sensed by NBS1 in human cells, which in turn enhances the endonuclease activity of the MRIN
complex (3,49, 161). However, physical and functional interactions between CtIP and RADS50 are
also likely involved (3).

Bacterial cells lack CtIP/Sae2/Ctpl and NBS1/Xrs2 equivalents, but homologs of RADS50 and
MREI11 (termed SbcCD in Escherichia coli) are present, and they show a remarkable degree of
structural and functional similarity to their eukaryotic counterparts (43). A recent structural study
identified a domain in the bacterial SbcDMr!! subunit, termed a fastener loop, which needs to
interact with a surface on SbcCR*4? (79). Mutations in the fastener loop that disrupt this inter-
action impair the nuclease activity of the complex. Interestingly, the putative equivalent surface
residues on S. cerevisize Rad50 correspond to the positions of 72d50S mutations (79). Yeast 1ad50S
mutants are deficient in meiotic DSB processing, while the same mutations cause only limited
impairment of mitotic HR (100). Biochemical studies demonstrated that the prototypical Rad50S
mutant (K81T) fails to interact physically and functionally with phosphorylated Sae2 (24). Eukary-
otic MRE11 proteins lack such a fastener loop. Possibly, that function is carried out by Sae2/CtIP
(79), allowing cells to couple activation of the MRE11 endonuclease with cell-cycle-dependent
regulation by phosphorylation.

In accord with the more stringent requirement for short-range resection and the MRE11 nu-
clease activity in mammalian cells compared to yeast, Sae2 is only necessary for the resection of
blocked DNA ends such as occurs in meiosis (80, 92). In contrast, CtIP is needed for most DNA
end resection events in human cells, including for nuclease-induced clean breaks (136). Resection
in yeast cells defective for Mrell nuclease or Sae2 is mainly the result of Sgs1-Dna2 activity be-
cause Exol is inhibited at DNA ends by the Ku70-Ku80 heterodimer (hereafter referred to as
Ku), an essential NHE] factor (101). Consequently, deletion of Ku rescues some phenotypes of
sae2 A or mrel I nuclease-deficient mutants, while Ku overexpression has the opposite effect (101).
Beyond processing meiotic Spoll adducts, hairpin-capped DSBs, and aberrant topoisomerase-
DNA cleavage complexes, short-range resection may have an important function in counteract-
ing Ku. Ku is highly abundant in the nucleus and is recruited to DSBs within seconds. In cases
when Ku-dependent NHE] repair is not possible, resection proteins need to gain access to the
Ku-bound DSBs to channel the repair away from NHE] towards HR. Accordingly, biochemical
and single-molecule studies demonstrated that MRX-Sae2 and MRIN-CtIP ensembles efficiently
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cleave DNA past Ku-blocked ends, suggesting that short-range resection may help to actively
remove Ku from DSBs and thus channel repair to HR (30, 50, 110, 132, 162). The higher concen-
trations of Ku in human cells compared to yeast may contribute to the enhanced requirement for
short-range resection in human cells. In support of this idea, resection of clean breaks in murine
embryonic cells becomes independent of CtIP upon the deletion of Ku (96). More studies are
needed to clarify the impact of Ku on short-range resection and to ascertain whether there are
additional reasons for the more stringent requirement for short-range resection in mammalian
HR.

Long-Range DNA End Resection by DNA2 or EXO1

Long-range DNA end resection is typically catalyzed by either EXO1/Exol or the DNA2/Dna2
nuclease (64, 99, 183). EXO1 and DNA2 partially overlap in function, as indicated by synergis-
tic defects in resection upon inactivation of both pathways. However, the EXO1- and DNA2-
dependent pathways differ in their capacities to overcome various base lesions, which is why the
relative usage of the two nucleases seems to vary depending on cellular conditions (47). In yeast
meiotic cells, the majority of long-range resection is dependent on Exo1, while in mouse cells the
nuclease activity of EXOL is largely dispensable in meiosis (121, 179).

Components of the short-range pathway also have structural roles promoting long-range re-
section, which helps to make resection overall more efficient. Yeast mrel 1A cells display a more
severe resection defect compared to mzel I nuclease-deficient mutants, indicating that the MRX
complex can promote resection even without its nuclease function (91, 101, 144). Similar rela-
tionships between MR, CtIP, and long-range resection also exist in the human system (29, 110,
117). The long-range resection pathways were observed to resect DNA tens of kilobases in length
(99, 183). However, resection of such long lengths was mostly observed in artificially constrained
experimental systems where HR repair was not possible. It is believed that physiological resec-
tion lengths on average are much shorter, on the order of 1 kb (102, 121, 172, 179). Long-range
resection appears to be largely dispensable for meiotic recombination and for sister chromatid
recombination in response to IR-induced DSBs in yeast (165, 179). However, one caveat to this
interpretation is that the extent of resection catalyzed by MRX-Sae2 in the exol A sgsIA back-
ground may be greater than that which occurs in cells that are proficient for long-range resection;
i.e., Exol and Dna2 mightinitiate degradation at the nick formed by the first MRX-Sae2-induced
DNA cleavage and in so doing attenuate additional nicking by MRX-Sae2.

If long-range resection is not essential for HR, then what is its purpose? In organisms with
abundant repeated DNA sequences, exposing long tracts of ssDNA could be important to ensure
that pairing occurs with the correct partner (a sister chromatid) instead of an ectopic sequence that
might occur upon the exposure of a relatively short resected tract (38). In addition, Sgs1 and Exol
are required for full activation of the Mec1/ATR kinase, which is recruited to RPA-coated tracts of
ssDNA (64, 183). Failure to activate the checkpoint could result in progression through mitosis,
with unrepaired chromosome fragments causing genomic instability or lethality of haploid cells.
Several studies have shown that chromatin becomes more mobile in response to DNA damage,
both at the damaged locus and globally (54, 103). The increase in chromatin mobility is proposed
to enhance repair between chromosome homologs or dispersed repeats in the yeast genome (34).
Chromatin mobility is regulated by the DNA damage checkpoint and end resection (54, 103, 140).

EXO1/Exol belongs to the XPG/Rad2 nuclease family. It degrades 5'-terminated DNA
strands within dsDNA (157), with a preference for DSBs with 3’ overhangs, and it is least effi-
cient on substrates with 5" overhangs (23, 157). EXOL1 can also efficiently initiate DNA degrada-
tion from nicks within dsDNA that could result from the endonuclease activity of the MRN/X
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complex (132, 163). Depending on in vitro assay conditions, RPA can either stimulate or inhibit
resection by Exol (23, 111). In S. cerevisine, depletion of RPA results in reduced long-range resec-
tion in sgs] A mutant cells, suggesting a positive effect of RPA on resection by Exol, even though
the intensity of Exol foci at DSBs is increased in the absence of RPA (35). In human cells, RPA also
competes with EXO1 for access to ssDNA, and resection by EXO1 may be instead stimulated by
the sensor of ssDINA complex 1 (SOSS1) (111). MRX, through employing its DNA melting capac-
ity or acting as a recruitment or processivity factor, can facilitate DNA degradation by Exol (62,
116, 144). Similar stimulation of human EXO1 by MRN was observed with human recombinant
proteins (110, 117).

DNA2/Dna? is a bifunctional enzyme possessing domains with similarities to both RecB-
like nucleases and superfamily I helicases. Unlike Mrell and Exol, which degrade single strands
within dsDNA, Dna2 only degrades ssDNA (78). RPA directs DNA degradation by Dna2 to the
5’-terminated strand, which guarantees the correct polarity of resection (5, 28, 118). The Dna2
helicase domain cannot unwind dsDNA unless it is unleashed by mutations inactivating the nu-
clease activity (89, 124). Therefore, for Dna2 to function in the resection of dsDNA, it must act
together with a lead helicase. In yeast, the partner of Dna2 is Sgs1, whereas in human cells, it
appears to be either the BLM or WRN helicase; all known DNA2 helicase partners belong to
the RecQ helicase family (28, 64, 99, 118, 150, 183). BLM and WRN helicases might function in
a redundant manner, although their employment differs depending on cell type and conditions
(150). The motor activity of DNA2 functions downstream of BLM/WRN as an ssDNA translo-
case to accelerate the movement of DNA2 along RPA-coated ssDNA, which aids degradation (29,
90, 98). The nuclease domain of Dna2 is embedded in a narrow tunnel through which the DNA
has to thread; this explains why Dna2 is blocked by bulky adducts at the ends and why RPA needs
to be removed before the DNA strand can fit and DNA degradation can take place (182). The
Dna2 pathway is also regulated by CDK (37); however, this control appears to be less strict than
for short-range resection by Sae2/CtIP phosphorylation. Similar to Exol, the Dna2 pathway is
stimulated by components of the short-range resection machinery. Yeast MRX and human MRN
promote Sgs1 and BLM activities, respectively, while CtIP stimulates BLM and the motor activity
of DNA2 (28,29, 117,118, 144).

REGULATION OF END RESECTION
Regulation of Resection Initiation

As initiation of end resection is a critical step in repair pathway selection, it is no surprise
that the process is regulated by multiple mechanisms. Positive regulation is exerted by the cell
cycle to ensure that end resection is coordinated with the presence of a sister chromatid, the fa-
vored template for repair in somatic cells. As described above, CDK-phosphorylated CtIP/Sae2
activates the Mrel 1 endonuclease to initiate end resection (22, 74, 75).

SAMHD1 and FANC]J both positively regulate end resection by promoting recruitment and
retention of CtIP to DSBs, resulting in more efficient HR-mediated repair and DNA damage
resistance (46, 114). Additionally, SAMHDI1 was reported to directly stimulate MRE11 exonu-
clease activity in vitro (44). Several other factors have been shown to promote or restrict MRN
binding to DSBs in cells or to directly regulate its enzymatic activities in vitro. C1QBP directly
binds to MREL11, stabilizing the soluble pool of MR in cells and inhibiting MRE11 binding to
dsDNA (6). Following DNA damage, ATM phosphorylates C1QBP, resulting in its dissociation
from the MR complex and the subsequent recruitment of MRN to chromatin. Thus, C1QBP1
acts in a positive manner to maintain pools of MR but in a negative fashion to ensure the avail-
ability of MR for chromatin binding only after DNA damage. UBQLN4, a proteasomal shuttle
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factor, is also phosphorylated by ATM in response to DNA damage and associates with ubiqui-
tylated MREI11 (77). In the absence of UBQLN4, MREI11 persists at DSBs for a longer time,
resulting in higher frequencies of HR at the expense of NHE] repair, while overexpression of
UBQLN#4 has the opposite effect. The MRN-interacting protein, MRNIP, promotes MRN as-
sociation with chromatin and full activation of ATM in response to IR (149). Although MRNIP
promotes end resection and HR at DSBs, in the context of stalled replication forks it suppresses
nascent strand degradation by directly inhibiting the MRE11 3’— 5’ exonuclease activity without
affecting the endonuclease activity (13). DYNLLI, which regulates multiple cellular functions,
including 53BP1 oligomerization (11), reduces MRE11 focal accumulation and end resection at
DSBs (68). DYNLLI physically interacts with MRE11, BLM, and DNA2, and in biochemically
reconstituted systems was also found to reduce MRE11 3'— 5’ exonuclease activity (68). Given the
multitude of factors that regulate assembly and/or activity of MRN and CtIP, it will be interesting
to determine whether the cofactors function independently or synergize with each other.

Interplay Between BRCAL1 and 53BP1 in Controlling End Resection

53BP1 and BRCAL exhibit antagonistic roles in DSB repair and occupy mutually exclusive do-
mains within damaged chromatin (32, 55). 53BP1 localizes to DSBs in G1 phase cells and promotes
repair by NHE], whereas BRCA1 counteracts 53BP1 in the S/G2 phase to promote end resection
and HR. 53BP1 is not a canonical NHE] factor but is required for class switch recombination
(CSR) in B lymphocytes and for fusion of telomeres resulting from deprotection of chromosome
ends (104). 53BP1 is recruited to chromatin via dually modified nucleosomes containing histone
H4, methylated on K20, and histone H2A, ubiquitylated at K15 (141). The H4 methylation mark
is constitutive, whereas H2A ubiquitylation via RNF8 and RNF168 is induced by DNA damage.
Once bound to damaged chromatin, 53BP1 is phosphorylated by ATM on multiple sites within
the N-terminal region (141). BRCAI recruitment to chromatin is mediated by its obligate binding
partner, BARD1, and involves the same histone residues contacted by 53BP1. Parental modified
histones are equally distributed to the two daughter strands of replicated chromatin alongside
newly synthesized unmodified histones. BARD1 is recruited to unmethylated H4 K20 in newly
replicated chromatin via its ankyrin repeat domain, effectively competing with 53BP1 binding
to nucleosomes before they become fully methylated in the G2 phase (113). The tandem BRCT
domain ubiquitin-dependent recruitment motif (BUDR) of BARD1 is responsible for the recog-
nition of ubiquitylated H2A K15 in the vicinity of a DSB (10). BARD1 ankyrin repeat mutations
that prevent the recognition of unmethylated H4 K20 or BUDR mutations that prevent bind-
ing to H2A K15ub result in 53BP1 accumulation at DSBs in S/G2 phase cells, inhibition of end
resection, and suppression of HR. Thus, the deposition of unmodified histone H4 marks sister
chromatids as appropriate templates for accurate HR, while H2A K15ub targets BARD-BRCALI
to damaged sites within replicated chromatin.

The antagonism between BRCAL1 and 53BP1 is underscored by seminal studies showing that
loss of 53BP1 reverses the cell and organismal lethality caused by BRCAI mutations and results
in the resistance of BRCAI-deficient cells to poly (ADP-ribose) polymerase (PARP) inhibitors
(PARPi) (18, 19). Loss of 53BP1 restores end resection and HR in BRCA1-deficient cells, thereby
suppressing NHE]J-dependent formation of lethal radial chromosomes during S-phase. The
finding that end resection is proficient in cells lacking 53BP1 and BRCALI suggests that BRCAL1
promotes end resection largely indirectly through modulation of 53BP1 binding to replicated
chromatin, although an additional direct role of BRCALI cannot be ruled out. BRCA1 physically
interacts with CtIP phosphorylated at S327 by CDK, and although this interaction is not required
for end resection, HR, or cell viability, it may affect resection speed (45, 112,125, 131).
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The role of the 53BP1-RIF1-Shieldin complex in DNA end protection. 53BP1 binds to nucleosomes
modified by H4 K20 methylation and H2A K15 ubiquitylation, where it is phosphorylated by ATM and/or
ATR and recruits the downstream effectors RIF1 and PTIP. RIF1 interacts with the Shieldin complex
(REV7,SHLD1, SHLD2, and SHLD3), which in turn recruits the CST complex and Pola-primase to
initiate fill-in synthesis, counteracting resection by EXO1 and DNA2. Shieldin and PTTP may also function
independently of CST to inhibit long-range resection. The BRCA1-BARDI1 complex binds to unmethylated
nucleosomes in newly replicated DNA to promote end resection and RADS1 loading in S/G2-phase cells.
See main text for details. Abbreviations: CST, CTC1-STN1-TEN1; HR, homologous recombination; Ku,
Ku70-Ku80 heterodimer; Me, methylation; NHE], nonhomologous end joining; RPA, replication protein A;
Ub, ubiquitylation.

In mammalian cells, the repressive effect of 53BP1 on end resection requires additional factors,
many of which were identified by physical interactome analyses or in CRISPR-based screens for
mutations that increase the resistance of BRCAl-deficient cells to PARPI or suppress genomic
instability caused by dysfunctional telomeres. These studies identified PTIP and RIF1 as ATM-
phosphorylation-dependent interactors of 53BP1 (20,31, 53,184) and SHLD1, SHLD2,SHLD3,
and REV7 as components of the Shieldin complex (16, 52, 57, 60, 65, 119, 170). Loss of RIF1
or Shieldin causes phenotypes similar to 53BP1 deficiency, including increased end resection and
restoration of RADS1 foci formation to BRCA1-deficient cells and loss of NHE] repair in specific
contexts. The finding that the protection of DNA ends is lost when RIF1 or Shieldin components
are depleted indicates that the 53BP1-nucleosome interaction is insufficient to repress end resec-
tion in mammals. This raises the question, What is the molecular mechanism for end protection?
Some insight into how Shieldin attenuates end resection came from biochemical studies showing
that SHLD?2 binds to ssDNA via three oligonucleotide/oligosaccharide-binding (OB) folds in the
N terminus of the protein. These are required for end protection in cells (57). Thus, Shieldin
could be anchored to damaged chromatin via RIF1 and 53BP1 and bind to the short ssDNA over-
hangs generated by MRIN-CtIP-catalyzed resection, thereby blocking access to the long-range
nucleases (Figure 2).

The other nonexclusive model for 53BP1-RIF1-Shieldin-mediated end protection arose from
the observation that resected DSBs may be subject to fill-in synthesis by DNA Pola-primase as
a mechanism to counteract end resection, similar to the mechanism used at telomeres to regulate
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G-overhang length (104). The heterotrimeric CTC1-STN1-TEN1 (CST) complex has struc-
tural similarity to RPA and binds to the G-rich strand at telomeric overhangs where it recruits
Pola-primase to fill in ends over-resected by EXO1. The CST complex makes multiple contacts
with the Shieldin complex and recruits Pola-primase to DSBs (105) (Figure 2). Importantly, de-
pletion of CST suppresses formation of radial chromosomes in PARPi-treated BRCA1-deficient
cells, similar to loss of 53BP1. Recent studies have verified this model by showing CST- and Pola-
primase-dependent bromodeoxyuridine incorporation at DSBs in G2-arrested cells (Z. Mirman,
N. Sasi & T. de Lange, personal communication). Furthermore, artificially tethering CST to
DNA damage-modified nucleosomes can bypass the requirement for Shieldin. Fill-in synthesis
is likely to leave short 3’ overhangs, corresponding to the size of the RNA primers that would be
removed by ribonuclease H (RNase H) plus the footprint of the CST complex. Such short over-
hangs should be insufficient for HR, thus favoring repair by NHE]. These new findings support
the idea that 53BP1-RIF1-Shieldin counteracts end resection by fill-in synthesis of resection
tracts; however, a separate role in inhibiting the long-range nucleases cannot be excluded.

Competition for H4 K20 binding by BRCA1-BARDI1 is one mechanism to attenuate the
53BP1-RIF1-Shieldin axis. Another is through active disassembly of the Shieldin complex. REV7
is a HORMA domain protein that exists in active (closed) and inactive (open) conformations that
are regulated by the TRIP13 AAA* ATPase (41). TRIP13 converts REV7 to the open form, re-
sulting in dissociation from SHLD3, which releases REV7-SHLD2-SHLD1 from chromatin.
Consistent with this observation, overexpression of TRIP13 confers PARPi resistance to BRCA1-
deficient tumors, while TRIP13 depletion decreases the efficiency of HR (41).

PTIP appears to function independently of RIF1 and Shieldin to guard against extensive resec-
tion (20). While loss of PTIP reduces telomere fusions, CSR is unaffected, suggesting that PTTP
promotes NHE] only in specific contexts. Interestingly, resection in BRCA1-deficient 53BP15%%4
cells, which fail to recruit PTIP to DSBs and exhibit elevated RIF1 focal accumulation, is mostly
dependent on DNA2, whereas RIF1-Shieldin blocks EXO1-dependent resection (21). In addition,
studies using the 53BP15%*A separation-of-function allele identified a novel function for RIF1-
Shieldin to suppress RAD51 loading at DSBs, which could contribute to the hyper-resection phe-
notype observed (21).

Attenuation of End Resection by Rad9 and Rif Proteins in Yeast

Rad9 and Crb2 are homologs of 53BP1 that mediate the DNA damage checkpoint response in
budding and fission yeast, respectively (164). S. cerevisiae Rad9 interacts with nucleosomes mod-
ified by H3 K79 methylation and DNA-damage-inducible H2A S129 phosphorylation (equiva-
lent to YH2AX). Once bound to chromatin in the vicinity of DSBs, Rad9 is phosphorylated by
Tell and/or Mecl, thereby promoting multimerization and interaction with the effector kinase
Rad53/CHK?2 (164). Like 53BP1, Rad9/Crb2 attenuates DNA end resection, and this function
requires chromatin binding and subsequent phosphorylation by the apical kinases (36, 56, 86, 87).
Rad9/Crb2 acts mainly to suppress long-range resection by the Sgs1-Dna2 pathway (Rgh1-Dna2
in S. pombe) with only minor effects on Exol-catalyzed resection (87, 115). The Rad9-nucleosome
interaction is thought to cause a barrier to end resection that can be partially alleviated by Fun30.
Additionally, Fun30 may promote long-range resection by chromatin remodeling independently
of Rad9 (8). Rev7 is conserved in yeast, but its role in suppression of end resection is controversial.
In one study, loss of S. pombe Rev7 was reported to increase end resection and to be epistatic to
Crb2 deficiency; however, another group found no increase in end resection, and no physical in-
teraction between Crb2 and Rev7 has been reported (87, 173). Orthologs of the SHLD proteins
have not been identified in yeast. Although Cdc13 (the budding yeast ortholog of CST1) has been
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detected at persistent DSBs by chromatin immunoprecipitation (ChIP), this recruitment seems
to be associated with rare de novo telomere addition instead of NHE] repair (38).

The budding yeast Rifl and Rif2 proteins were identified by their interaction with the
telomere-binding protein Rapl, and both contribute to telomere homeostasis. Rifl localizes to
telomeres through its interaction with Rap1 and its intrinsic DNA-binding activity, whereas its
recruitment to DSBs is independent of Rap1 (95). In both contexts Rifl attenuates end resection;
however, the functional interaction with Rad9 is currently unclear (95). In one study, Rifl was
shown to promote end resection in G1-arrested cells by antagonizing Rad9 binding, and, in con-
trast to 7ad9A, rifl A does not suppress the DNA damage sensitivity of sze2A cells (94). Rif2 exerts
a greater inhibition of resection at telomeric sequences than Rifl exerts and does so by counteract-
ing MRX and Exol (17). Rif2 acts directly on Rad50 to promote nonproductive ATP hydrolysis
and, by discharging the ATP-bound state of Rad50, inhibits end resection and Tell activation
(27,66, 80a, 93, 133a).

Regulation of End Resection by DNA Damage Signaling

Factors involved in DNA damage recognition and signaling play both positive and negative roles
in end resection, which is consistent with the view that resection initiates in response to DNA
damage but is held in check to prevent excessive exposure of ssDNA. As described above, the
ATM/Tell kinase is important for regulating the initiation of end resection in meiotic and so-
matic cells, and phosphorylation of CtIP/Sae2 and other MRN-interacting factors by ATM is
also important for this function (6, 9, 102, 121, 161, 172). However, RPA phosphorylation, which
is catalyzed by ATM, ATR, CDK, and DNA-PK, attenuates end resection primarily via inhibition
of BLM helicase (147). S. cerevisine Rad9, which requires Tell- or Mec1-catalyzed phosphorylation
for stable chromatin binding, attenuates extensive resection by inhibition of Sgs1-Dna2-catalyzed
end resection and indirectly by being necessary for Rad53 inhibitory phosphorylation of Exol
(107,115, 176). Sae2 functions independently of its role in resection initiation with Mrell nucle-
ase to dampen Rad9-dependent checkpoint signaling (176). Indeed, loss of Rad9 or Rad53 kinase
activity partially restores DNA damage resistance to sze2 A but not to mrel 1-nd cells (56, 63, 176).

A recent study reported a novel function for the heterotrimeric 9-1-1 DNA damage clamp in
suppression of MRX-dependent end resection in yeast (61). Components of the 9-1-1 clamp and
clamp loader complex were identified in a screen for mutations that suppress the DNA damage
sensitivity of cells lacking the long-range resection nucleases. Resection tracts in exol A sgsIA
cells were increased from approximately 350 nt to more than 1.7 kb in the absence of Ddcl or
Rad24 (61). Given the ability of the 9-1-1 clamp to bind to the recessed 5" end at ssDNA/dsDNA
junctions and to slide on dsDNA, it is possible that it restricts the access of MRX to the flanking
dsDNA, preventing subsequent cleavages by MRX-Sae2. Additionally, the 9-1-1 clamp restricts
long-range resection by stabilizing Rad9 binding to chromatin in the vicinity of DSBs, attenuating
the Sgs1-Dna2 pathway (115). In contrast to the inhibitory effect of the 9-1-1 complex on MRX
activity, 9-1-1 promotes resection by Exol in yeast, although the underlying mechanisms have yet
to be elucidated (61, 115).

Additional Regulation of Long-Range Resection

Yeast Rad52 and human HELB have been shown to limit long-range resection independently of
Rad9/Crb2/53BP1 (156, 173). Rad52 is essential for all homology-directed repair processes in
budding and fission yeasts, where it functions to promote annealing of RPA-coated ssDNA and to
mediate assembly of Rad51 nucleoprotein filaments (152). Rad52 limits resection by Sgs1/Rqhl,
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independent of its role in promoting strand invasion, by directly inhibiting helicase translocation
on ssDNA (173). Long-range resection in S. pombe is mostly driven by Exol (84, 87), and, conse-
quently, the inhibitory effect of Rad52 is more prominent in S. pomzbe than in S. cerevisiae (173).
The HELB ATP-dependent translocase was identified as an RPA-interacting factor that limits ex-
tensive resection by antagonizing EXO1 and BLM-DNA2 (156). Nuclear localization of HELB
is regulated during the cell cycle such that HELB is nuclear during the G1 phase when end re-
section is restricted and is exported from the nucleus during the S and G2 phases when cells are
primed for HR repair (156).

PATHOLOGICAL OUTCOMES OF DYSREGULATED END
RESECTION AT DNA DOUBLE-STRAND BREAKS
AND STALLED REPLICATION FORKS

End resection is essential for HR-mediated repair of DSBs in all organisms studied; however, un-
regulated resection threatens genome integrity. ssDINA is susceptible to chemical alterations or to
degradation by nucleases, resulting in clustered mutations or loss of 3" overhangs, respectively (35,
135). In addition, resection tracts are substrates for the noncanonical homology-directed repair
mechanisms, single-strand annealing (SSA), and microhomology-mediated end joining (MME]),
particularly in the absence of RADS51 and associated proteins (15, 142). SSA and MME] rely on
the exposure of homologous sequences flanking a DSB by end resection and are mutagenic mech-
anisms because they can form deletions. MME] is CtIP-dependent and typically involves a ho-
mology of <15 nt (12, 158), whereas the long-range resection nucleases are required to expose
longer homologous sequences for repair by SSA (99, 183). Coordinating end resection with ho-
mologous pairing is important to ensure that resection tracts are channeled to the correct repair
mechanism, and in this regard, BRCAI plays a particularly important role to suppress aberrant
joining of replication-associated DSBs. As described below, recent studies have revealed critical
functions for BRCA1 and BRCA? at stalled replication forks to ensure accurate replication restart
by HR and to protect nascent strands from unscheduled degradation.

Degradation and Protection of Stalled and Reversed Replication Forks

Replication forks may be perturbed by damaged templates or repetitive sequences, collisions with
transcription machineries, imbalance or lack of nucleotides, or, more indirectly, overexpression of
oncogenes. In response to these challenges, replication forks may pause or stall, leading to the ac-
cumulation of ssDNA gaps behind the forks (67). Seminal studies have shown that human RADS51,
BRCALI, BRCA2, and a growing number of additional factors have recombination-independent
functions to protect stalled replication forks to prevent nascent DNA degradation (67, 137, 138).
This section summarizes data on DNA end resection nucleases, including MRE11, DNA2, and
EXO1, which were found to act pathologically, in most cases, in the degradation of nascent DNA
upon replication stress in various mutant genetic backgrounds (69, 70, 88, 97, 137, 138, 171).
Pathological nascent DNA degradation was also observed in yeast. In budding and fission yeast,
forks stalled at protein-induced barriers may undergo unrestricted and unscheduled degradation
by Exol, which can be counteracted by Rad51 (2, 85). Sgs1-Dna2 were also found to pathologi-
cally degrade DNA upon replication fork stalling with hydroxyurea in the absence of Rifl (106).
As most insights into replication fork metabolism are based on studying human cells, we focus on
the human system for the remainder of this section.

In contrast to DNA end resection, the regulation and underlying mechanisms of nuclease ac-
tion on replication forks are much less understood. It appears that paradigms learned from DSB
resection are not directly applicable to studies of DNA metabolism at stalled replication forks.
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Figure 3

Protection of stalled replication fork from unscheduled degradation. Various stresses can cause replication
forks to stall and undergo remodeling by SNF family translocases. The protection of remodeled replication
forks requires RAD51, BRCAI, BRCA2, and many other fork protection factors. In the absence of RAD51
and associated proteins, HR-dependent fork restart is prevented and nascent strands are degraded by
nucleases, resulting in genome instability and cell lethality. Abbreviation: HR, homologous recombination.

Nascent DNA degradation likely potentiates the efficacy of chemotherapy of BRCA-deficient
tumors, and restoration of fork protection is one of the mechanisms of chemoresistance (129).
Therefore, understanding the principles of DNA metabolism at stalled forks not only is an attrac-
tive area of basic research, but has direct implications for cancer therapy.

Which structures represent the entry points for nucleolytic degradation upon replication fork
stalling? Initial reports pointed toward ssDNA gaps behind stalled forks (67, 181). Later, it was
observed that nascent DNA degradation, e.g., in BRCA-deficient cells, is largely dependent on fac-
tors implicated in replication fork reversal, including the motor proteins SMARCAL1, ZRANBS3,
and HLTE. Therefore, reversed forks are now thought to be important intermediates that trigger
DNA degradation in the absence of fork protection (83, 88,97, 137, 153) (Figure 3). The annealed
nascent strands of reversed forks resemble a DSB and thus can recruit the resection enzymes. Al-
though replication fork reversal can lead to nascent DNA degradation and genome instability,
fork reversal may be a protective mechanism, depending on the cellular context. In particular, in
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wild-type cells with intact DNA protection, fork reversal can temporarily stabilize the replisome,
giving cells time to deal with DNA damage and prevent DNA breakage (130). Accordingly, deple-
tion of SMARCAL1 and ZRANB3 gives rise to genome instability in otherwise wild-type cells.
However, in cells impaired in fork protection, such as in a BRCA-deficient background, inactiva-
tion of fork reversal through the depletion of SMARCAL1, ZRANB3, or HLTF instead prevents
DNA breakage and chromosomal instability (7, 39, 40, 166, 177, 178). Depending on the context
and cellular background, structures other than reversed forks may be subject to unscheduled nucle-
olytic degradation. For example, it was observed that intermediates of DNA interstrand crosslink
repair need to be similarly protected by RADS51 and BRCA2 (133, 160).

Which nucleases pathologically degrade nascent DNA? In BRCA-deficient cells, DNA degra-
dation at challenged forks can be prevented by treatment with the MRE11 nuclease inhibitor
mirin or the depletion of MRE11 (137). Consequently, the 3'—5" exonuclease of MRE11 has
been implicated in nascent DNA degradation. The activity of the MRE11 nuclease in vitro is
rather weak (123), and, similarly, the extent of MRE11-dependent resection in DSB processing
is limited (64, 99, 183). Therefore, it appears unlikely that the MRE11 nuclease, acting alone or
within the MRIN complex in conjunction with CtIP, could account for the observed DNA degrada-
tion, which extends for multiple kilobases (88, 137). In accord, depletion of EXO1 prevents DNA
degradation, suggesting that EXO1 may act downstream of MRE11, similar to its role in DSB
processing (88). Activation of MRE11 nuclease by AT M-dependent phosphorylation in response
to metabolic assaults might also contribute to the extensive nascent strand degradation observed
in hydroxyurea-treated BRCA-deficient cells (146). DNA2 does not notably contribute to nascent
DNA degradation in BRCA-deficient cells. In contrast, DNA2, but not MRE11, was found re-
sponsible for pathological DNA degradation in BRCA-proficient cells lacking BOD1L, which
links fork protection with histone H3K4 methylation by SETD1A (69, 70). DNA2, together with
WRN, was found to mediate limited reversed fork DNA degradation leading to fork restart in
wild-type cells, showing that limited DNA degradation may have a physiological function (155).

Interestingly, CtIP was also found to mediate fork protection epistatically with BODIL (69,
127), showing that CtIP may have roles in both DNA protection and DNA degradation (44, 88).
DNA2, WRN, and to a lesser degree MRE11 were found to degrade reversed replication forks in
the absence of RIF1, which acts in conjunction with protein phosphatase 1 (PP1) (59, 76a, 109).
However, the exonuclease activity of WRN, as well as the WRN-interacting protein (WRNIP1),
was found instead to protect nascent DNA against DNA degradation by MRE11 and EXO1 when
RIF1 was present (76, 126). DNA2 and WRN are also responsible for pathological DNA degrada-
tion of unprotected intermediates of DNA interstrand crosslink repair (160). Interestingly, BRCA2
protects against DNA2-WRN degradation in interstrand crosslink repair but not at reversed forks,
where it protects against MRE11 and EXO1 (88, 133, 137, 160). Similar antagonistic functions in
DNA resection and protection of reversed forks were also attributed to BRCA1 and MRNIP (13,
19, 126, 127).

Another key difference between DSB resection and nascent DNA degradation at replication
forks is the polarity of the nucleolytic processing. In DSB resection, only the 5'-terminated strand
is degraded, while the 3’ end is largely protected. Nascent DNA degradation is usually moni-
tored in mammalian cells by a DNA fiber assay that only detects events where both strands are
degraded, indicating that the 3’-terminated strand is also lost at replication forks (137). It is un-
clear whether the canonical DNA end resection nucleases can promote degradation of both DNA
strands at reversed forks. The 3'—5’ polarity of the MRE11 exonuclease makes it a potential
candidate for the 3’ strand degradation, but its limited activity appears unlikely to explain the ex-
tended DNA loss observed in the fiber assays (137). Rather, enzymes other than MRE11, EXO1,
or DNA?2 are likely responsible for the loss of the 3’ strand. Potential candidates for this function
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are structure-selective nucleases such as MUS81-EME1, SLX1-SLX4, and ERCCI1-XPF and/or
their higher-order complexes (169). These enzymes are capable of cleaving 3’ flaps, replication
forks, or even four-way junctions at the branch points. Although they do not function in canonical
DSB resection, they have been implicated in fork processing by several studies, with the rela-
tive involvement of each structure-selective nuclease depending on genetic background. MUSS81
appears to be active in both BRCA-deficient and wild-type cells and has been implicated in patho-
logical DNA degradation as well as in fork restart that promotes genetic stability (1, 33, 88, 122,
134). In contrast, SLX1-SL.X4 and XPF-ERCCI are activated in the absence of WRNIP1 (126).
The interplay of these nucleases with MRE11/MRN, EXO1, and DNA2 remains to be defined.

Taken together, it is apparent that there are several pathways of fork protection and fork degra-
dation, but at present it is not possible to propose a unified mechanistic model to consolidate the
observations from the various laboratories. The involvement of different nucleases often varies,
depending on genetic background and the kind of genotoxic treatment. Paradoxically, some fac-
tors, including CtIP, BRCA1, MRNIP, and WRIN, may have opposing roles in DNA degradation
and DNA protection. DNA metabolism at DSBs and stalled replication forks may be addition-
ally governed by chromatin, through posttranslational modifications, or by additional regulatory
factors (82, 139). Investigating these relationships will represent a fascinating direction of future
research.

PERSPECTIVE AND FUTURE DIRECTIONS

Knowledge of how MRN/X initiates resection has advanced considerably over the last decade, but
several mechanistic questions remain unanswered. MRIN/X cleaves next to end-bound proteins,
and even nucleosomes, raising the question of how the DNA end is sensed by MRN/X to prevent
nicking at chromosome internal sites. How CtIP/Sae2 interacts with RAD50 to promote cleavage
of 5'-terminated strands is also not fully understood. Until recently, resection initiation had been
considered to commit cells to HR, thus preventing repair by NHE]. The observation of CST
and Pola-primase-dependent fill-in synthesis in mammalian cells challenges this view and raises
questions about the minimal length of the 3’ overhang required to promote HR and inhibit NHE]
repair. Resection at stalled replication forks has emerged as a major research area in recent years.
Whether this is a physiological response to fork stalling to promote replication restart by HR or a
pathological response to nucleotide depletion or loss of fork protection factors is currently unclear.
In addition, how resection functions in the chromatin context—in particular, its interaction with
other processes such as transcription—and how it proceeds through nucleosomes are areas of
active investigation. We anticipate these questions will inspire future research in the field.
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