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ARTICLE INFO ABSTRACT

When DNA breaks, the ends need to be stabilized and processed to facilitate subsequent repair, which can occur
by either direct but error-prone end-joining with another broken DNA molecule or a more accurate homology-
directed repair by the recombination machinery. At the same time, the presence of broken DNA triggers a
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E“d'jomdi“g ) signaling cascade that regulates the repair events and cellular progression through the cell cycle. The MRE11
]C)}IIIi; nOirftesecnon nuclease, together with RAD50 and NBS1 forms a complex termed MRN that participates in all these processes.
Cancef Although MRE11 was first identified more than 20 years ago, deep insights into its mechanism of action and

regulation are much more recent. Here we review how MRE11 functions within MRN, and how the complex is
further regulated by CtIP and its phosphorylation in a cell cycle dependent manner. We describe how RAD50,
NBS1 and CtIP convert MRE11, exhibiting per se a 3’5" exonuclease activity, into an ensemble that instead
degrades primarily the 5-terminated strand by endonucleolytic cleavage at DNA break sites to generate 3’
overhangs, as required for the initiation of homologous recombination. The unique mechanism of DNA end
resection by MRN-CtIP makes it a very flexible toolkit to process DNA breaks with a variety of secondary
structures and protein blocks. Such a block can also be the Ku heterodimer, and emerging evidence suggests that
MRN-CtIP may often need to remove Ku from DNA ends before initiating homologous recombination.
Misregulation of DNA break repair results in mutations and chromosome rearrangements that can drive cancer
development. Therefore, a detailed understanding of the underlying processes is highly relevant for human

health.

1. A brief introduction to DNA double-strand break repair
pathway choice

DNA double-strand breaks (DSBs) arise from cellular exposure to
exogenous sources such as radiation and chemicals [1,2], or from en-
dogenous metabolic processes [3] (Fig. 1). The most common en-
vironmental source of ionizing radiation is the radon gas [1]. Ionizing
radiation mainly damages DNA indirectly via the formation of radicals
that attack the sugar-phosphate backbone resulting in extensive base
damage, numerous single-strand DNA breaks (SSBs) and approximately
10-times fewer DSBs, which nevertheless account for most of the ra-
diation-induced toxicity [4].

Chemicals capable to trigger DSBs are often used as chemother-
apeutics in cancer therapy, as they preferentially target rapidly-dividing
tumor cells. These drugs include topoisomerase inhibitors such as eto-
poside or camptothecin, DNA alkylating agents such as methyl metha-
nesulfonate or temozolomide, crosslinking agents such as mitomycin C
or cisplatin, the radiomimetic drug bleomycin, and inhibitors of DNA
replication such as hydroxyurea and aphidicolin [1,5]. Most of these

chemicals do not cause DSBs directly, but rather create initial lesions
that are converted into DSBs upon further processing in cells. The most
common source of endogenous DSBs are abortive topoisomerase reac-
tions [6] or errors during DNA replication, such as when replication
forks encounter DNA lesions, or during replication-transcription con-
flicts [7].

Depending on the nature of the DSB formation, the DNA breaks can
be chemically "clean" or "dirty". Radiation-induced DSBs are often de-
scribed as "dirty", as they often contain modified chemistry that pre-
vents ligation, which differs from canonical 5’-phosphate and 3’-hy-
droxyl groups at nuclease-induced "clean" breaks. Likewise, DNA breaks
resulting from abortive topoisomerase reactions contain covalently at-
tached topoisomerases (protein blocks). The chemistry of the DSB, as
well as the availability of a second broken DNA end, determines the
subsequent pathway choice in DSB repair.

Generally, cells possess two main pathways for DSB repair, com-
prising end-joining and homology-directed repair [8]. The canonical
non-homologous end-joining (NHEJ), dependent on the Ku hetero-
dimer, as well as the Ku-independent pathway termed microhomology-
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Fig. 1. An overview of the main DNA double-strand break repair pathways.
Exogenous (environmental) and endogenous (cellular) insults directly or in-
directly cause DNA double-strand breaks. Homologous recombination is a
template-directed and therefore largely accurate DSB repair pathway, which is
active in the S and G2 phases of the cell cycle. In contrast, end-joining pathways
are template and cell cycle independent, and result in a direct ligation of the
broken ends. Recombination depends on extended DNA end resection to reveal
ssDNA needed for homology search, while the end-joining pathways require
only limited end processing. Non-homologous end-joining links DNA breaks
with no or only limited microhomologies at the broken ends, which micro-
homology-mediated end-joining typically utilizes microhomologies of 2-20
nucleotides in length. Both end-joining pathways are highly mutagenic.

Extensive DNA end

mediated end-joining (MMEJ), link the two broken DNA molecules with
no or short microhomologies at the DNA ends [9,10]. The repair is fast,
cell cycle stage independent, and responsible for joining the majority of
DSBs in human cells. However, this process is primarily capable to join
DNA ends that require little processing prior to ligation (Fig. 1).

Instead, homology-directed repair requires extensive homology be-
tween the recombining DNA molecules, which in most cases guarantees
an accurate repair (Fig. 1). To reveal this homology, the 5’-terminated
DNA strand at a DSB must be resected by specialized nucleases or nu-
clease complexes, creating a 3’-overhang. The ssDNA overhang is bound
and protected by the single-strand DNA binding replication protein A
(RPA). RPA must be subsequently replaced by the strand exchange
protein RAD51, which is facilitated by BRCA2 and other recombination
mediators. RAD51 forms together with ssDNA a nucleoprotein filament
capable to identify and invade homologous DNA [8,11]. To prevent
mutagenesis, in vegetative cells the template for recombination is in
most cases the sister chromatid.

Both end-joining and homologous recombination, as well as pro-
cesses that regulate the pathway choice, have been reviewed ex-
tensively [8,10,12-14], and will not be comprehensively covered here.
The most important point relevant for understanding the text below is
that extended DNA end resection generally commits DSB repair to the
homologous recombination pathways, and prevents end-joining. The
pathway choice depends on a number of proteins including the pro end-
joining and anti-resection factor 53BP1 and its effectors such as the
Shieldin complex [15-21]. In contrast, BRCA1 is a pro-resection factor
that favors homologous recombination over end-joining [19-22]. It was
believed that the decision whether and how extensively to resect DSBs
ultimately determines the pathway choice in DSB repair [23,24].
However, it was recently discovered that the 5-terminated DNA strand
that has been partially resected may be resynthesized by the Shieldin
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complex together with DNA polymerase a [25], indicating that resec-
tion and fill-in can be two competing processes, and thus, the pathway
choice may be more flexible than previously believed.

In the text below, we will focus on mechanistic insights into the
function of the MRN complex. MRN stands at the crossroads between
homologous recombination, end-joining and DNA damage signaling,
and it is one of the first factors that is recruited to broken DNA. MRN
consists of the MRE11 nuclease, the ATPase RAD50 containing ex-
tended coiled-coils and a protein with a structural function termed
NBS1 in human cells or Xrs2 (forming the MRX complex) in the budding
yeast Saccharomyces cerevisiae. The MRN/X complex can dimerize via
the globular domains of MRE11 and the ATPase domain of RAD50 that
form the base of the structure in contact with DNA [26], as well as via a
zinc-hook at the end of the coiled-coils of RAD50 at the apex of the
complex [27]. We will focus on mechanisms inferred from studying
both yeast and mammalian homologues, as this is very informative
about the evolutionary conservation and importance of the underlying
processes. We will use the mammalian nomenclature (i.e. MRE11)
when discussing a mammalian protein or making more general state-
ments, and the yeast nomenclature (i.e. Mrell) when referring speci-
fically to experiments with the yeast factors.

2. The function of the MRN/X complex in checkpoint signaling

Cells possess factors that sense and signal the presence of DSBs
(Fig. 2) [28]. MRN/X very rapidly localizes to DSBs [29], and physically
and functionally associates with the ataxia-telangiectasia-mutated
(ATM, human) or Tell (yeast) kinase [30,31]. This relationship is un-
derlined by defects in human MRE11 linked to ataxia-telangiectasia-like
disorder (ATLD), affecting the musculoskeletal and central nervous
systems, which is similar to ataxia-telangiectasia (AT) caused by defects
in ATM [32,33]. Notably, disorders caused by defects in the other
components of the MRN complex share features with AT and ATLD such
as spontaneous genomic instability [34,35].

DNA and MRN/X together activate ATM/Tell, which phosphor-
ylates a large number of cellular targets. Among them, there are factors
that function in DNA end resection, both in the initial (short-range) and
subsequent (long-range) processing. ATM/Tell phosphorylates all three
components of MRN/X, so that the complex both activates and becomes
a target of the DNA damage-induced checkpoint (Fig. 2) [36-39]. Be-
yond MRN/X, ATM/Tell also phosphorylate BRCA1 and CtIP/Sae2
(Fig. 2) [40-43]. In particular, ATM-dependent phosphorylation of CtIP
at T859 is required for the first DNA end resection step in human cells
[40], while in contrast, the MRX-Tell axis appears dispensable for the
activation of short-range resection by MRX-Sae2 in yeast [44]. Evidence
suggests that ATM/Tell regulates also enzymes of the downstream
long-range resection pathway both positively and negatively. This in-
cludes phosphorylation of EXO1 in human cells [45], resulting in re-
section inhibition. On the other hand, ATM phosphorylates the Bloom
(BLM) helicase to increase its accumulation at DSB sites [46], and the
Werner (WRN) helicase to promote recovery from replication stress
[47]. Activated ATM/Tell also phosphorylate chromatin proteins in the
vicinity of the DSBs such as the histone variant H2AX (in humans) [48]
or H2A (in yeast) [49] - the respective phosphorylated forms are de-
noted as yH2AX/yH2A. This signaling cascade triggers changes in
chromatin conformation and facilitates the recruitment of multiple
factors including DSB repair proteins belonging to both recombination
and end-joining pathways [50].

The detailed mechanism of ATM/Tell activation by MRN/X at DSBs
was examined using both human and yeast reconstituted complexes in
vitro, respectively. The nuclease activity of MRE11 is dispensable for
ATM activation [51,52], while the presence of yeast Mrell was not
absolutely required for Tell activation [53]. The presence of RAD50 is
essential in both yeast and human systems, with ATP hydrolysis by
Rad50 being indispensable for Tell activation in the yeast system [53],
whereas ATP binding by RAD50 was found sufficient for ATM
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Fig. 2. An overview of the MRN/X function in the activation of ATM/Tell-
mediated DNA damage response. MRN/X localizes at DSB and recruits ATM
(human) or Tell (yeast), which transforms from an inactive dimer to an active
monomer (1-2). Activated ATM/Tell phosphorylates many cellular targets,
such as DNA repair factors, chromatin and checkpoint proteins, including
MRN/X, initiating the DNA damage response (2). Phosphorylation of CtIP by
ATM helps activate the endonuclease activity of MRN, initiating resection (see
later for details). At the same time, CtIP/Sae2 likely attenuates checkpoint
activation by competing for ATM/Tell substrates (3). Resected DNA is coated
by RPA, which is detected by ATR-ATRIP (human) or Mec1-Ddc2 (yeast), which
continue checkpoint signaling by phosphorylating an overlapping set of cellular
targets (4).

activation when using purified human proteins [51]. Xrs2 was found
partially dispensable for Tell activation in the yeast reconstituted
system [53], and NBS1 provided a clear stimulatory function in the
reconstituted system with the human proteins [51].

NBS1/Xrs2 carries a nuclear localization signal, and is therefore
required for the nuclear import of the MR complex and indirectly for all
its functions in both yeast [54] and human cells [55]. However, ex-
periments where the nuclear localization signal was artificially placed
on yeast Mrell instead of Xrs2 revealed that Xrs2 per se was still im-
portant for Tell activation [44]. These results agree with other data
that identified the FHA and the C-terminal domains of Xrs2 to be re-
quired for Tell activation [56]. Xrs2 phosphorylation appears to ne-
gatively regulate Tell [57]. On the other hand, using a murine model,
most of NBS1 was found dispensable for ATM activation except a very
small fragment that represents its interaction interface with MRE11
[58], suggesting that ATM activation in mice is largely mediated by
MRE11 and RAD50. Therefore, while the MR complex is clearly critical
for ATM/Tell activation, the function of NBS1/Xrs2 may not be fully
required under all circumstances.

Yeast mrel1 mutants with point mutations in the nuclease active site
(mrel1-nd) exhibit checkpoint hyperactivation upon exposure to DNA
damage [59], likely due to the persistence of MRX at DNA ends, which
prolongs Tell activation. CtIP/Sae2 functions to promote the nuclease
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activity of MRE11/Mrell within the MRN/X complex (see below). To
this point, it was intriguing that yeast sae2A mutants exhibit more se-
vere sensitivity to DNA damaging drugs compared to mrel1-nd [59,60].
These results suggested that Sae2 has additional function(s) on top of
stimulating the Mrel1l nuclease. Later, it was found that sae2A mutants
activated checkpoint signaling to even higher levels than mrell-nd
cells, leading to a permanent cell cycle arrest [59,61-64], thereby ex-
plaining the strong sensitivity of sae2A cells. Indeed, the DNA damage
sensitivity of mrel1-nd and sae2A cells in a checkpoint-deficient back-
ground is identical [62,65]. The specific function of Sae2 in checkpoint
attenuation was found to be dependent on Tell phosphorylation sites in
Sae2, and Sae2 was thus proposed to reduce checkpoint signaling by
competing with other Tell targets (Fig. 2) [65,66]. In human cells,
these relationships have not been studied in detail yet, although CtIP
depletion similarly leads to hyperactivation of ATM-dependent sig-
naling [67].

Downstream of the MRN-ATM/MRX-Tell signaling circuit, both
short-range and long-range DNA end resection generate ssDNA that is
bound by RPA, which is then sensed by ATR-ATRIP/Mecl-Ddc2 pro-
teins (Fig. 2) [68]. These proteins activate both local and cell-wide
responses [69].

3. The function of the MRN/X and CtIP/Sae2 ensemble in DNA end
resection

3.1. A brief introduction to DNA end resection

DNA end resection can be a two-step process, in particular in human
cells. The initial short-range resection by MRN/X and its co-factor CtIP
(in humans) or Sae2 (in yeast) is slow and limited to the vicinity of the
DNA end (Fig. 3). At the same time, the short-range resection has the
capacity to process DNA ends with secondary DNA structures and
bound protein blocks. Accordingly, in yeast, the Mrell nuclease and
Sae2 are essential for the repair of meiotic DNA breaks with covalently
attached Spol1, but are partially dispensable for the repair of nuclease-
induced clean breaks in vegetative cells [70-73]. The MRE11 nuclease
appears to be much more important in mammals even for the proces-
sing of clean breaks. This may result from a high concentration of the
Ku heterodimer, which needs to be removed from DSBs prior to re-
section [23,74], as will be further detailed below.

Downstream of the initial processing by MRE11 and its co-factors,
two long-range DNA end resection nucleases, namely the exonuclease
EXO1 and the helicase-nuclease DNA2, are capable to resect kilobase
lengths of DNA (Fig. 3). EXO1 resects 5’-terminated DNA within dsDNA
[75-79]. In contrast, DNA2 degrades 5’-terminated ssDNA, and per se is
incapable to unwind dsDNA [80,81]. Therefore, DNA2 requires a lead
helicase partner, which can be either BLM or WRN in human cells
[82-84] or Sgsl in yeast [85]. Both DNA2 and EXO1l-dependent re-
section pathways are fast and processive, but sensitive to secondary
DNA structures and protein blocks [74,86-88].

Despite the short- and long-range resection pathways are catalyzed
by distinct nucleases, the processes are not entirely independent. The
MRN/X complex additionally has a structural (nuclease independent)
role to promote the EXO1 and DNA2-dependent pathways in both yeast
[85,87,89-92] and humans [83,88,93]. Likewise, in addition to its role
to promote MRN, CtIP also stimulates the DNA2-dependent pathway
[94,95], showing that it can function as a co-factor of nucleases in both
short- and long-range resection. The division of labor between versatile
but slow (short-range), and fast but inflexible (long-range) resection
pathways guarantees optimal DNA end processing under most circum-
stances. In the next sections, we will focus on the mechanism of func-
tion and regulation of the MRN/X nuclease in DNA end resection.

3.2. The MRE11 nuclease polarity paradox

Recombinant MRE11 per se is a potent exonuclease with a strict 3'—
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Fig. 4. The MRE11 nuclease polarity paradox. MRE11 by itself, in reconstituted
reactions in vitro, is a 3’—5" exonuclease (top part). In contrast in cells, the 3’'—
5’ MRE11 exonuclease within the MRN/X complex is restricted by multiple
mechanisms, and MRE11 instead preferentially catalyzes 5’ strand degradation
(bottom part). First, ATP binding to the MRE11 partner RAD50 restricts the
MRE11 exonuclease. Second, the presence of protein blocks at DSBs (not
shown) directly inhibits the 3’ end degradation. Furthermore, ATP hydrolysis
by RAD50, coupled with the stimulation by phosphorylated CtIP (Sae2 in yeast)
activates the MRE11 endonuclease activity, which preferentially targets the 5-
terminated DNA strand. NBS1 further promotes the endonucleolytic cleavage of
the 5’ strand. After the first incision, the exonuclease activity of MRE11 (still
within the MRN/X complex) degrades the 5’-terminated strand towards the end,
creating an entry site for the long-range resection nucleases.

5’ polarity (Fig. 4) [96-98]. This polarity of DNA degradation was
counterintuitive, as resection of the opposite, 5’-terminated strands, is
required for homologous recombination [8]. Early genetic studies in
yeast instead identified Mrell to be responsible for 5'—3’ DNA end

resection in vivo, leading to an apparent polarity paradox [77,99,100].
It was unclear (1) how is the 3’—=5’ exonuclease of MRE11 attenuated,
as 3’-end degradation at DSB ends observed in vivo was minimal
[77,101], and (2) how MRE11 can instead contribute to the degrada-
tion of the opposite, 5’-terminated DNA strands.

In cells, MRE11 appears to be always bound to the RAD50 ATPase,
forming a tight MR complex [98]. Under physiological conditions when
ATP is present, Rad50 was found to strongly limit the exonuclease of
Mrell (Fig. 4) [102]. This inhibition required ATP binding by Rad50,
but not ATP hydrolysis. Similar results were found for the Pyrococcus
furiosus MR complex [103]. Due to the low ATPase activity of Rad50,
these results likely explain why Mrell does not extensively degrade 3’-
terminated DNA in vivo.

RADS50, with its ATP hydrolytic activity, instead facilitates the en-
donucleolytic cleavage of DNA by MRE11 (Fig. 4), which was initially
mainly observed on circular ssDNA, at the base of secondary structures
such as hairpins and at junctions of single and double-stranded DNA
[96-98,104], and accordingly in genetic assays [105]. NBS1 further
potentiates this endonucleolytic activity [106,107]. While NBS1/Xrs2 is
required for the nuclear import of MR [54,55], its contribution to DNA
end resection per se significantly differs between yeast and mammalian
cells. In yeast, Xrs2 is not required for endonucleolytic cleavage of DNA
in vitro [44], although a modest stimulatory effect of Xrs2 can be re-
vealed under restrictive experimental conditions [108]. Consistently
with this notion, in vivo, DNA end resection was only minimally im-
paired in xrs2A cells where the nuclear localization signal was placed
on Mrell [44], suggesting that Xrs2 has only a minor function in DNA
end resection in yeast. In contrast, in the human system, NBS1 is much
more important. NBS1, in fact, potentiates MRE11 endonucleolytic
activity and was shown to be necessary for the cleavage of dsDNA
[106,107,109]. The more prominent role of NBS1 in the function of the
MRN complex will be discussed in the next sections.

When using linear DNA substrates with protein-blocked DNA ends,
the endonuclease activity of MRE11 (within the MRN/X complex) was
found to be strongly promoted by CtIP/Sae2 [107,109,110]. CtIP/Sae2
specifically stimulates the cleavage of the 5’-terminated DNA strand by
MRN/X at sites internal to the protein-blocked DSB. The endonuclease
activity of the ensemble thus preferentially degrades 5’-terminated DNA
[102,107,109,110], showing how a 3’ overhang can be created.
Therefore, the MRE11 polarity paradox can be explained by (1) proteins
that bind DNA ends and physically block the 3’—5’ exonuclease of
MRE11; (2) RADS50 limiting the 3’—5’ exonuclease of MRE11, and (3)
RADS50, CtIP/Sae2 and NBS1 turning MRE11 into an endonuclease that
preferentially targets the 5’ strand at internal sites past protein blocks.
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3.3. Protein blocks in DNA end resection

Protein blocks at DSBs can be removed by MRN-CtIP or other pro-
cessing complexes and the strand integrity restored by end-joining or
homologous recombination, depending on the type of the block and
cellular context (Fig. 3). Examples of covalent protein blocks at DSBs
are meiotic SPO11 and stalled topoisomerase DNA cleavage complexes.
The initial processing of Spoll-bound breaks appears to be entirely
dependent on the MRX-Sae2 ensemble and consequently repaired ex-
clusively by the homologous recombination machinery in yeast
[71,73,111]. Similarly in mouse spermatocytes, the resection pattern of
meiotic SPO11-bound DSBs is consistent with MRE11 initiating the
resection process [112].

DSBs induced by aberrant topoisomerase II (Topoll) activity were
recently described to result in frequent spontaneous genome re-
arrangements of the human genome [6]. Topoisomerase complexes can
be directly removed by TDP1/Tdp1l or TDP2, depending on whether the
topoisomerase is attached to the 5 end (Topoll, repaired by TDP2 in
human cells [113]) or the 3’ end (Topol, repaired by TDP1 [114,115]).
In yeast, the majority of topoisomerase-induced breaks is however re-
paired by the recombination pathway dependent on the Mrell nu-
clease, as supported by an increase in the level of Top2 covalent com-
plexes upon deletion of Mrell in both S. cerevisiae [116] and S. pombe
[117]. Only a subset of topoisomerase-induced breaks is repaired by
end-joining in yeast [118]. On the other hand, the repair of topoi-
somerase-linked breaks heavily relies on NHEJ in human and chicken
cells [119,120]. MRN and CtIP were observed to be necessary to re-
move the Topoll adducts prior to the ligation process [121,122]. This
agrees with the profound sensitivity of CtIP-depleted cells to the to-
poisomerase poisons etoposide and camptothecin [123,124]. The ad-
ditional NHEJ-related role of the MRN complex in the repair of topoi-
somerase-linked DSBs will be discussed more in detail in a dedicated
section of this review. The text immediately below focuses on the re-
moval of protein blocks by the MRE11 nuclease, in the context of DSB
repair by the recombination pathway.

The ability of the MRE11 complex to cleave 5’-terminated DNA past
protein blocks is conserved in evolution. Already in bacteria, the
Escherichia coli’s SbcCD (MRE11-RAD50-like complex) exhibits this
activity, which however cleaves both DNA strands past blocks
[125,126]. As there are no Sae2/CtIP and NBS1/Xrs2 homologues in E.
coli, this endonucleolytic activity does not appear to be strictly regu-
lated in prokaryotes. Experiments with eukaryotic recombinant MRN/X
and linear DNA substrates with streptavidin-bound ends showed that a
DNA cleavage activity past protein blocks was strongly stimulated by
CtIP/Sae2 [107,109,110]. The endonuclease incision sites were located
~15—20 nucleotides away from the streptavidin-bound DNA end on
the 5’ strand (Fig. 5). These cleavage positions roughly correspond to
the length of DNA fragments (10-40 nucleotides) found attached to
Spoll during yeast meiotic recombination [72]. Importantly, in con-
trast to the E. coli enzymes, the 5’-terminated strand was preferentially
cleaved [109,110], although there is evidence that MRN/X can also
cleave both strands in some cases [107]. The molecular mechanism that
determines the strand cleavage preference remains unclear.

Curiously, the endonucleolytic cleavage by MRX-Sae2 was also ob-
served when streptavidin was placed in the middle of an oligonucleo-
tide some distance away from the DNA end; in this case, the incision
sites were again ~ 15— 20 nucleotides away from the internal block
[108]. Likewise, MRX-Sae2 could cleave DNA near oligonucleotide-
bound nucleosomes [108], although the complex was also seen to by-
pass nucleosomes while sliding [93]. However, the efficacy of the DNA
cleavage of internal blocks on oligonucleotide-based substrates was
lower compared to end-bound blocks. Similarly to the oligonucleotide-
based substrates, the MRX-Sae2 ensemble could efficiently cleave the
5’-terminated strands of plasmid-length DNA, when the DNA ends were
bound by streptavidin [102]. However, no cleavage was observed when
streptavidin was attached to a plasmid in its circular covalently-closed
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Fig. 5. Determining the site of the endonucleolytic DNA cleavage by MRN/X
and phosphorylated CtIP/Sae2. Depending on the DNA footprint of the protein
block or the size of the secondary DNA structure, the incision mediated by
MRN/X in conjunction with phosphorylated CtIP/Sae2 can be closer or farther
from the DNA end. Small blocks, for example Streptavidin (used as a tool in
reconstituted reactions), result in DNA cleavage close to the end (~15-20
nucleotides). In the case of medium-sized blocks, such as yeast Ku, the nick
forms further away (~ 30 nucleotides). Even larger blocks, such as human DNA-
PK, induce DNA cleavage up to ~45 nucleotides away from the DSB. DNA
secondary structures at the DNA ends, possibly bound by the ssDNA binding
protein RPA, may similarly direct the endonucleolytic DNA cleavage by MRN/
X-CtIP/Sae2.

form (our unpublished observations). Such behavior makes sense as it
would restrict the endonucleolytic cleavage by MRN/X to the vicinity of
DSBs, and thus prevent unscheduled DNA degradation. Structural stu-
dies showed that the MRE11 enzymatic ensembles undergo notable
changes in conformation upon ATP binding, hydrolysis, and during
DNA cleavage [26,125,127]. One possibility is that these structural
changes are only permissible at DNA ends. Furthermore, the MRN/X
was shown to melt DNA [106,128], but it remains to be established
whether this activity is used to sense DNA ends. The mechanism that
guarantees MRN/X-CtIP/Sae2-dependent DNA cleavage preferentially
near DSB-bound blocks thus remains to be elucidated.

What is the identity of the physiological protein blocks that direct
the MRN/X-CtIP/Sae2 endonuclease? The initial observations with
streptavidin-bound DSBs suggested that there is no strict requirement
for cognate protein-protein interactions to direct cleavage by the en-
semble [107,109,110]. This lack of specificity makes the MRN/X-CtIP/
Sae2 complex very versatile, as DSBs can be linked to a variety of
proteins. Beyond meiotic SPO11 and stalled topoisomerase complexes
[115,129], MRN/X in concert with CtIP/Sae2 also processes DSBs with
RPA-bound ssDNA at secondary structures [86,108], as well as DSBs
with random proteins crosslinked to DNA [129].
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The protein component of covalent protein-DNA crosslinks may be
processed by specialized proteases such as SPARTAN/Wss1 [130-132].
The function of these enzymes is mostly linked to DNA replication and
therefore not specific for DNA ends. SPARTAN/Wssl however cannot
remove the entire protein component of the crosslink, which necessi-
tates downstream processing. Indeed, SPARTAN and TDP1 may func-
tion in the same pathway in mammalian cells [133]. Any potential
functional interplay of SPARTAN/Wssl and MRN/X has not been de-
fined yet. As the activity of SPARTAN/Wssl can lead to intermediates
with various degrees of proteolytic cleavage, any downstream proces-
sing step must involve a mechanism that does not require a specific
interaction between the lesion and the nuclease machinery. The lack of
specificity requirement between MRN/X-CtIP/Sae2 and the end-bound
polypeptide would thus guarantee efficient processing of any type of
protein-blocked DSB (Fig. 5).

The MRX-Sae2 ensemble can also cleave near Ku-bound DSBs
[86,108]. When using the Ku heterodimer instead of streptavidin in
vitro, the cleavage positions on the 5’-strand were further away from the
end, ~ 30 nucleotides for yeast Ku as opposed to ~15—20 nucleotides
away for streptavidin (Fig. 5) [86,108]. Similar results were obtained
with human MRN/CtIP on Ku and DNA-PKcs bound DSBs, with the
cleavage positions even further at ~45 nucleotides away from the end
(Fig. 5) [74]. This difference in cleavage sites is likely due to the larger
footprint of the respective factors that shield DNA ends [134], as op-
posed to streptavidin that was attached to the end of the DNA molecule
by a biotin linkage, but does not otherwise bind DNA (Fig. 5). Ac-
cordingly, the MRN complex was found to diffuse along DNA strands in
single-molecule assays [93]. Such a movement could explain how the
ensemble can cleave near protein blocks: physical impediments could
stall the sliding of MRN and thus enhance the residency of the nuclease
ensemble near protein blocks, which could, in turn, facilitate cleavage
[93].

The Ku heterodimer as a protein block deserves special attention. Ku
is very abundant, particularly in human cells [135]. It has a very strong
affinity to DSBs, where it is recruited within seconds in vivo [136].
Importantly, however, Ku is a non-homologous end-joining factor; in
the absence of Ku, the frequency of homologous recombination is ty-
pically increased, while non-homologous end-joining is abrogated
[137,138]. Therefore, Ku is not a factor that is required to direct DNA
cleavage by MRN-CtIP. Current data rather support a model where Ku
rapidly binds DNA ends and attempts to first facilitate DSB repair by the
non-homologous end-joining pathway, likely with the assistance of
MRN/X (the role of the MRN/X complex in NHEJ will be discussed in a
later section) (Fig. 6). If this is not possible, such as in the absence of the
second DNA end, or when the DNA end contains altered chemistry that
prevents ligation, CtIP/Sae2 gets recruited and activated by phos-
phorylation (see next section). The ensemble then cleaves the 5’-ter-
minated DNA strand past Ku (Fig. 6). The break can then be repaired by
end-joining or resected further for processing by the recombination
pathway (Fig. 6) [23,24,74,86].

The capacity of MRN/X to cleave past Ku-bound ends is supported
by in vivo data: yeast mrel 1 nuclease-deficient cells are sensitive to DNA
damage, which can be alleviated by the deletion of Ku, and the cellular
sensitivity can be instead enhanced by Ku overexpression [60]. This
indicates that the Mrell nuclease needs to remove Ku to promote
cellular resistance to DNA damage, most likely by facilitating resection
and repair. However, in most cases in yeast, the Mrel1 nuclease is not
required for the processing of clean DSBs [70,75,77]. In contrast, the
MRN-CtIP axis is essential for all DNA end resection events in high
eukaryotes [123], where Ku is very abundant [135]. It remains to be
established whether the high concentrations of Ku in mammalian cells
can explain this difference. Support for this model comes from experi-
ments in murine embryonic cells, where CtIP is normally required for
resection [139,140], as in other cell types [123,124]. Upon deletion of
Ku however, DSB resection became largely CtIP independent (Fig. 6)
[139]. Further evidence for this model was demonstrated by
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biochemical and single molecule experiments with human MRN-CtIP
and Ku-DNA-PKcs proteins [74]. Therefore, the requirement of CtIP and
the MRE11 nuclease for resection in vertebrates may be caused by the
necessity to remove Ku from DNA ends, prior to further processing
(Fig. 6).

3.4. A unified model for exo- and endo-nuclease activities of MRE11 in
DNA end resection

In the previous sections we clarified how the 3’—5’ exonuclease
activity of MRE11 is restricted to allow 5" DNA end resection (Fig. 4).
This raised a question why MRE11 possesses such an exonucleolytic
activity at all. In order to accommodate for the seemingly wrong po-
larity of the MRE11 exonuclease, the so-called bi-directional DNA end
resection model was proposed [23,72,141]. Upon initial en-
donucleolytic cleavage by MRN-CtIP, the 3’—5’ exonuclease activity of
the complex then catalyzes DNA degradation back toward the DNA end,
while at the same time the endonucleolytic incision sites serve as entry
points for 5'—3’ DNA degradation by the long-range resection machi-
neries (Fig. 4). This model was initially proposed based on the analysis
of resection end-points during yeast meiotic recombination
[72,141-143], and later substantiated in time-course experiments in
vitro [86,102]. In this model, the 3'—5’ exonuclease activity of Mrell
ultimately helps to remove the protein block, possibly with the help of
the dsDNA melting capacity of the MRN/X complex [106,128]. This
"jump over" endo/exonucleolytic processing is ideally suited to process
DNA ends with non-canonical structures as it allows to bypass the end-
blocking lesions.

In yeast strains lacking the long-range resection enzymes, the
Mrell-dependent resection can reach up to several hundred nucleo-
tides upon several hours (Fig. 7) [75,77,142,143]. Experiments with
recombinant proteins revealed a similar behavior: although slow, the
MRX-Sae2 ensemble can process the 5’-terminated DNA end at DSB
sites in a stepwise manner [102]. Upon the first incision of the 5’-ter-
minated DNA by MRX-Sae2, the first end-bound ensemble likely serves
as a structure that directs cleavage by the adjacent MRX-Sae2 complex
(Fig. 7). The 3’=5’ exonucleolytic activity of the complex would then
be limited to degrade DNA between the endonucleolytic incision sites
(Fig. 7). The progressive sequential DNA cleavage is consistent with the
ability of the human MR complex to form oligomers at the end of DNA
molecules observed by scanning force microscopy [144] and the pos-
sibility to readily detect MRX foci in yeast [98]. The distance between
the subsequent incision sites may correspond to the site size of the
MRX-Sae2 complex on DNA [102]. In meiosis, MRX-Sae2-dependent
incision sites up to ~300 nucleotides away from the DNA end were
observed [141], raising the possibility that DNA looping or internal
blocks may also direct cleavage at distances further away from the DNA
break. How exactly the incision sites are determined thus remains to be
established. In summary, it seems very likely that the DNA end pro-
cessing by MRN/X-CtIP/Sae2 is initiated by endonucleolytic cleavage of
the 5’ strand, and the rather weak exonucleolytic DNA degradation is
then restricted to DNA fragments between the endonucleolytic cleavage
sites in the direction back toward the DNA end.

3.5. Regulation of MRN by phosphorylation of CtIP

A key feature of homologous recombination is that it is template-
directed. The genetic information stored in the DNA template is used to
recover missing sequence information in the vicinity of the broken end.
In order to guarantee the largely error-free repair, vegetatively dividing
cells must use a template with the matching sequence, which is only
represented by the sister chromatid upon DNA replication in the S and
G2 phases of the cell cycle [8]. In the absence of such a template, the
repair could in principle proceed from the homologous chromosome,
potentially leading to the loss of heterozygosity. Likewise, aberrant
repair from ectopic sites, such as in repetitive sequences, may lead to
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recombination pathway (d).

large chromosomal rearrangements [2,145].

In order to prevent genome instability due to resection in G1, cells
possess regulatory mechanisms that allow extensive DNA end resection
and hence homologous recombination only in the S-G2 phase of the cell
cycle when the sister chromatid DNA is available (Fig. 8). To this point,
it was observed that CDK inhibition limits homologous recombination
and DNA end resection [146,147]. Later, CtIP/Sae2 was found as the
main target of this regulatory mechanism, with the key sites being T847
in CtIP [148] and S267 in Sae2 [149] (Fig. 8). CDK regulates also other
players in the resection pathway, including DNA2 [150] and compo-
nents of the MRN complex such as NBS1 [151], but the phosphorylation
of CtIP/Sae2 appears to be the most important. Later studies established
that the phosphorylation of T847/5267 in CtIP/Sae2 is necessary, but
not sufficient to fully promote DNA end resection. Multiple additional
sites were identified in both the human CtIP [40] and the yeast Sae2
[152,153] proteins that further promote their resection capacity. In
particular, the ATM kinase is important for CtIP activation in human
cells upon DNA damage [40].

How does phosphorylation regulate the capacity of CtIP/Sae2 to
promote DNA end resection? In vitro reconstitution experiments re-
vealed that CtIP/Sae2 promotes end resection by the MRN/X complex
only in its phosphorylated state, and the reconstituted system was thus
suitable to reveal the underlying mechanism [86,107,109,110,152].
Although Xrs2 contains the FHA domains that interact with phos-
phorylated Sae2 [154], the resection related functions of the minimal
yeast ensemble do not depend on Xrs2, as stated above [44]. Instead, it
was found that the phosphorylation of Sae2 controls resection on two
levels. First, it regulates transitions between inactive hypo-phosphory-
lated Sae2 multimers (large complexes) and active phosphorylated
tetramers (Fig. 8) [152,153]. Second, phosphorylation of the C-terminal
region of Sae2 was found to be required for its physical interaction with
Rad50, while it does not affect the interaction with Mrell (Fig. 8)
[152]. Therefore, in yeast, Rad50 appears to be the main sensor of Sae2
phosphorylation. Rad50, in turn, hydrolyzes ATP that triggers the
Mrell endonuclease (Fig. 8) [152]. To this point, it is possible that Sae2
helps coupling ATP hydrolysis by Rad50 with productive en-
donucleolytic DNA cleavage by Mrell [102], although the detailed
underlying mechanism remains to be clarified. It should be pointed out
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that the rad50S alleles, initially identified as mutations that separate the
functions of Rad50 in meiosis (and hence resection/recombination)
from its other functions such as Tell activation [155,156], do not
physically and functionally interact with phosphorylated Sae2
[102,152]. Accordingly, the phenotypes of rad50S, mrel1-nd and sae2A
yeast cells in checkpoint-deficient background are indistinguishable
from each other [65].

In human cells, the regulation of MRN by phosphorylated CtIP is
more complex. Although, like Sae2, CtIP is also mostly active only as a
tetramer in vivo [157], whether and how phosphorylation regulates its
oligomeric state has not been defined yet. Most importantly, the sensor
of CtIP phosphorylation in the human system is not RAD50, but NBS1,
through its FHA and BRCT domains (Fig. 8) [40,158]. Once NBS1
senses that CtIP is phosphorylated, it promotes endonucleolytic clea-
vage by the human MR complex, which is dependent on a short region
in NBS1 that mediates interaction with MRE11 (Fig. 8) [58,158]. Si-
milarly as in yeast, RAD50 also needs to hydrolyze ATP to promote the
human MRE11l endonuclease in conjunction with CtIP (Fig. 8)
[107,109]. Evidence suggests that CtIP phosphorylation also regulates
its interaction with CCAR2 [159], a negative regulator of DNA end
resection, uncovering another layer of regulation of the MRN-CtIP en-
semble activity in higher eukaryotes.

The regulatory control of the MRE11 nuclease thus significantly
differs in the various kingdoms of life. In bacteria, the MRE11-RAD50-
like SbcCD complex cleaves both DNA strands near protein blocks
without the need of co-factors such as NBS1/Xrs2 or CtIP/Sae2 [126].
Similar reactions without co-factors were observed in archaea, although
only the 5’ strand was cleaved [160]. In yeast, both Sae2 and Xrs2 are
present and only Sae2 plays an important function while Xrs2 is partly
dispensable [44,108,110]. In contrast, in human cells, both CtIP and
NBS1 critically control the MRE11 nuclease [58,107,109,158]. The
more complex regulatory control of the human MRN-CtIP complex
compared to yeast could reflect a possible need to more tightly control
the MRE11 nuclease in high eukaryotic organisms due to the larger
genome size and cancer risk.

3.6. Interplay of short and long-range DNA end resection

The resection of clean, nuclease-induced DSBs in mrell or rad50
yeast mutants is delayed [70,77,99,161]. However, once resection
commences, it proceeds with the same rate as in wild type cells [77].
Furthermore, the resection defect of mrell-null cells is more severe
compared to mrell-nd cells [71]. The impaired resection in mrell and
rad50 cells can be explained by a structural role of the components of
the short-range resection pathway to recruit and stimulate long-range
resection, in addition to their nuclease-dependent function in the re-
moval of protein blocks. To this point, it was observed in vitro that MRX,
independently of its nuclease activity, promotes resection by both Exol
and Sgsl-Dna2 (primarily DNA unwinding by Sgsl was stimulated)
[85,87,89-92]. Additionally, in reconstituted reactions that combined
short- and long-range resection, Exol was much more efficient to in-
itiate long-range resection downstream of endonucleolytic incisions by
MRX-Sae2 compared to a non-related bacterial nuclease with the same
specific activity [86]. Accordingly, in the human system, MRN has a
structural function to promote both DNA2-BLM and EXO1-dependent
resection pathways [83,88,93].

A potential mechanism for this stimulation, in addition to a re-
cruitment function, could be the local melting of the DNA ends by the
MRN/X complex independently of its nuclease activity [90,128]. This is
consistent with the ability of the MRN complex to unwind short frag-
ments of DNA [96] and melt the ends of a double-stranded DNA mo-
lecule in FRET based assays [128]. Molecular dynamics simulations of
yeast Mrell with a 30 bp DNA molecule also suggested a possible
melting of the DNA ends by Mrell [90]. The strand separation could
then facilitate DNA access to the long-range resection machinery. In
accord with this model, the Mrel1-R10T mutant, which promotes
hyper-resection by Exol in vivo, displays persistent melting of the DNA
ends in molecular dynamics simulations [90].

Similarly, although CtIP mainly functions as a co-factor of the
MRE11 nuclease in short-range resection, it was also found to promote
long-range resection. Specifically, CtIP stimulates the DNA2-dependent
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sub-pathway, where it enhances DNA unwinding by BLM, as well as the
activity of DNA2 [94,95]. Yeast Sae2 was also observed to stimulate the
ssDNA degradation by Dna2 in vitro but failed to stimulate DNA un-
winding by Sgs1 [94]. The functional interaction between EXO1/Exol
and CtIP/Sae2 seems to be less conserved. While Sae2 is able to sti-
mulate yeast Exol [91], CtIP was shown to inhibit human EXO1 activity
in reconstituted reactions [162]. The positive relationships between
components of the short-range and long-range resection likely help to
coordinate both steps to make them more effective, and facilitate a
more efficient regulation.

4. The function of the MRN/X complex in end-joining

In S. cerevisiae, the MRX complex has a well-defined function to
promote non-homologous end-joining (Fig. 6). NHEJ is dependent on
the Ku heterodimer, and other components including the DNA Ligase
IV-Lifl complex [10,163,164]. The pro-NHEJ functions of MRX likely
involve its DNA end tethering capacity that helps to keep both ends
together in vivo [165,166]. Additionally, Xrs2 directly interacts with
Lifl, and the MRX complex consequently promotes ligation of DNA
ends in reconstituted reactions [167]. Accordingly, yeast cells lacking
MRX are deficient in NHEJ [168].

Vertebrate cells involve additional NHEJ components including the
catalytic subunit of the DNA-dependent protein kinase (DNAPK-cs), as
well as end-processing enzymes such as Artemis [10,163]. Although the
functions of MRN in mammalian end-joining are less defined, possibly
due to redundant activities, MRN plays at least a supportive role
[169-171]. MRN may promote NHEJ by two mechanisms. First, MRN
stimulates NHEJ in a way that does not involve its nuclease activity,
and its nuclease function is consequently partly dispensable for the
canonical NHEJ repair of “clean” DSBs in mammals. Second, there is
evidence that the nuclease of MRE11, assisted by CtIP, is additionally
involved in the repair of DSBs with “dirty” ends by NHEJ (Fig. 6)
[24,170]. The MRE11 nuclease also appears to be involved in the
processing of DSBs with topoisomerase adducts, which are subsequently
channeled to NHEJ [121]. This nuclease-dependent function of MRN
remains however unclear, in particular as it invokes MRE11 nuclease
activity in the G1 phase of the cell cycle, when it is normally restricted.
Although the endonuclease activity of the MRN-CtIP ensemble gen-
erally requires NBS1, there is a residual nuclease activity in the absence
of NBS1. The NBS1-independent MRE11-RAD50 nuclease requires CtIP
but not strictly its phosphorylation [158]. Whether this mechanism
could explain the function of MRE11 nuclease activity in G1 remains to
be clarified.

Upon ionizing radiation damage, PLK3 was shown to phosphorylate
CtIP at S327 in G1 [24,172]. Phosphorylation of S327 in CtIP is critical
for its interaction with BRCA1 [173], which is also involved in the non-
homologous end-joining mediated repair of DSBs alongside with CtIP
itself [24]. It should be pointed out that the S327 site phosphorylation
in CtIP was also identified in S-G2, when it becomes a target of CDK,
and was observed to promote homologous recombination
[40,122,173-176], although the importance of this interaction for re-
combination was questioned [124,177,178].

In yeast, in the absence of canonical NHEJ, cells employ an end-
joining alternative termed microhomology-mediated end-joining
(MMEJ) [179]. In mammalian cells, MMEJ appears more frequent than
in the low eukaryotes [180]. MMEJ is Ku and DNA Ligase IV-in-
dependent [181], and instead involved DNA Ligase III and Pol®
[182-185]. Like NHEJ, MMEJ can also operate in any phase of the cell
cycle, including G1 [180,186]. MMEJ generally requires short micro-
homologies (4-20 nucleotides) at the DNA ends to facilitate ligation
[9]. The DNA overhangs are generated by DNA end resection enzymes,
including MRN-CtIP [9,169,170,175,180,187-189]. As with NHEJ, the
mechanism of activation of DNA cleavage by MRN-CtIP in MMEJ re-
mains undefined.
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5. Conclusion and future perspectives

DSB repair is of crucial importance in the maintenance of genome
stability and perturbations of the underlying pathways are often asso-
ciated with cancer development. The MRN/X complex plays a pivotal
role in the cellular decision of which mechanism will be used to repair
broken DNA. For this reason, a detailed understanding of how MRE11
functions in healthy cells, and how its functions integrate with the other
repair pathways is important in the context of cancer treatment.
Furthermore, in cells lacking recombination factors such as BRCA1 or
BRCA2, misregulated MRE11 activity was found to degrade nascent
DNA at challenged replication forks, leading to cellular lethality [190].
Most likely, MRE11 initiates the degradation of replication forks that
have undergone reversal, forming a DSB-like structure upon annealing
of the two nascent DNA strands [191,192]. How the MRE11 activity is
regulated in this process is not known. The degradation of reversed
replication forks may resemble some but not all aspects of the DSB
processing described above. The key distinctive feature is the function
of RAD51. In the context of canonical DSB repair, RAD51 only functions
downstream of resection to initiate recombination. In contrast, RAD51
acts upstream to protect nascent DNA from degradation by MRE11
[190] and downstream nucleases during replication stress [193].
BRCA1 and BRCA2 mutations are common in breast and ovarian can-
cers, and as the cellular resistance to therapy was linked to abrogated
DNA degradation by MRE11 [194], mechanistic insights into these
processes, largely missing to date, can lead to novel therapeutic stra-
tegies.

Beyond the academic and clinical interests to understand the
MRE11 nuclease, the balance between the DSB repair pathways is
known to affect the outcome of gene editing. With the advent of Cas9-
based technologies, there is considerable interest in improving the ef-
ficacy of homology-directed repair, in order to facilitate precise and
efficient introduction or correction of mutations in the human genome
[195-197]. This includes understanding the processes that negatively
regulate resection in G1, as non-dividing cells are generally refractory
to these modifications. Overcoming the block of resection in G1 might
ultimately make gene editing possible in a much broader variety of cell

types.
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