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Abstract In all living cells, DNA is constantly threatened by
both endogenous and exogenous agents. In order to protect
genetic information, all cells have developed a sophisticated
network of proteins, which constantly monitor genomic
integrity. This network, termed the DNA damage response,
senses and signals the presence of DNA damage to effect
numerous biological responses, including DNA repair, tran-
sient cell cycle arrests (“checkpoints™) and apoptosis. The
MRN complex (MRX in yeast), composed of Mrell, Rad50
and Nbs1 (Xrs2), is a key component of the immediate early
response to DNA damage, involved in a cross-talk between
the repair and checkpoint machinery. Using its ability to bind
DNA ends, it is ideally placed to sense and signal the presence
of double strand breaks and plays an important role in DNA
repair and cellular survival. Here, we summarise recent
observation on MRN structure, function, regulation and
emerging mechanisms by which the MRN nano-machinery
protects genomic integrity. Finally, we discuss the biological
significance of the unique MRN structure and summarise the
emerging sequence of early events of the response to double
strand breaks orchestrated by the MRN complex.

During the preparation of these proofs, two articles have been
published describing the NBS1 crystal structure of both FHA domain
and BRCT repeats of human and S. pombe cells. The results presented
in these publications suggest an important role in phospheptide
binding for both of these domains. Scott Williams et al. Cell, 139 (1)
87-99, Nbs1 Flexibly Tethers Ctpl and Mrel1-Rad50 to Coordinate
DNA Double-Strand Break Processing and Repair Lloyd et al. Cell,
139 (1) 100-111, A Supramodular FHA/BRCT-Repeat Architecture
Mediates Nbsl Adaptor Function in Response to DNA Damage.
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Introduction

In somatic cells, the consequences of DNA damage and the
resulting accumulation of genetic changes can be severe as
they are associated with cellular ageing and cancer. Thus,
sophisticated machineries have evolved that constantly
monitor DNA structure, sense damage, repair these lesions
and induce specific cellular responses including cell cycle
delays, specific transcriptional programmes, apoptosis and
senescence (reviewed in (Bartek et al. 2007; Harper and
Elledge 2007; Kanaar et al. 2008; Fig. 1).

The Mrel1-Rad50-Nbsl (MRN) complex is a key player
that functions early in the response to DNA damage, and
lack of any of its components leads to embryonic lethality
in mammals. MRN has a spectrum of biochemical talents:
DNA binding by multiple subunits and tethering of DNA
molecules through interactions between MRN complexes,
incision of the DNA phosphodiester backbone through its
single-stranded endonuclease activities and the ATP hydro-
lysis. Genes that encode components of the Mrel1/Rad50/
Xrs2 (MRX) complex were originally isolated in Saccha-
romyces cerevisiae during genetic screens for mutants
hypersensitive to DNA damaging agents (Rad50: Radiation
sensitive 50 (Game and Mortimer 1974), Xrs2/Ngsl: X-ray
sensitive 2 or Nitroguanidine sensitive 1 (Ivanov et al.
1992) and for mutants defective in meiotic recombination
(Mrell: meiotic recombination 1 (Ajimura et al. 1993).
Hypomorphic mutations in the components of the human
MRN complex lead to human genetic disorders character-
ised by hypersensitivity to ionising radiation, genome
instability and immunodeficiency. Cancer predisposition
has been associated with Nijmegen breakage syndrome
(NBS; Dzikiewicz-Krawczyk 2008; The International
Nijmegen Breakage Syndrome Study Group 2000) caused
by mutations in NBS1 gene. In contrast, mutations in
MREI11 have only been found in sporadic tumours (Wang
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Fig. 1 The DNA damage response cascade. DNA damage caused by
endogenous or exogenous sources is recognised by sensor proteins,
which activate a signalling cascade. The signal is amplified by
mediators/transducers and finally reaches the effector proteins, which
are involved in triggering the cellular responses to DNA damage

et al. 2004). Only a few cases of patients with mutations in
the RADS50 gene have been reported to date and have not yet
been associated with a defined human phenotype (Heikkinen
et al. 2006; Tommiska et al. 2006). Ataxia-telangiectasia-like
disorder (ATLD) and NBS caused by mutations in MRE11
and NBSI1, respectively, illustrate the importance of the
MRN complex in the cellular response to DNA damage in
humans (Stewart et al. 1999; Varon et al. 1998).

A multifunctional complex essential for vertebrate life

The MRN complex has been implicated in multiple eukaryotic
functions, all key for maintenance of genome integrity and
mainly related to the response to double strand breaks (DSBs).
These functions include: both principal pathways of DSB
repair, telomere maintenance, checkpoint signalling, meiotic
recombination and, during DNA replication, responding to
stalled replication forks and resolution of DNA hairpins
(recently reviewed in Borde 2007; Slijepcevic 2006; Williams
et al. 2007). The role in meiotic recombination was first
identified in budding yeast and is conserved in Schizosacchar-
omyces pombe, Coprinus cinereus, Caenorhabditis elegans
and Arabidopsis thaliana and likely to be conserved in
mammals (reviewed in Borde 2007). Budding yeast Mrell is
required both for meiotic DSB formation as well as their
subsequent processing, as its endonuclease activity is required
to remove covalently bound Spoll (a topoisomerase-like
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enzyme) from the induced DSB. The former function is not
always conserved and seems specific to budding yeast and C.
elegans. Mammalian Mrel1 is also believed to be required for
meiotic DSB processing as the meiotic Spol1-dependent step
of DSB processing is conserved in mammals (Baudat and de
Massy 2007). Despite several meiotic defects reported in
MRN hypomorphic animal models, the essential nature of this
complex in higher cells will require specific knock out of this
complex in meiotic tissue to assess the precise role of MRN in
meiotic recombination.

Although the MRX complex is not required for viability in
yeast, the essentiality of MRN function in mammals compli-
cates study of its role in the DSB response. Note that targeted
disruptions of the Mrel1 (Yamaguchi-Iwai et al. 1999), Rad50
or Nbsl (S. Takeda, personal communication) genes are also
lethal in the DT40 chicken B-lympocytic cell line suggesting
that the importance of MRN for cellular viability might
extend to all vertebrates. Mice defective in Mrell, Rad50 or
Nbs1 function die early in embryonic development, demon-
strating that these proteins are essential for mammalian
development and viability (Buis et al. 2008; Dumon-Jones et
al. 2003; Luo et al. 1999; Xiao and Weaver 1997; Zhu et al.
2001). Hypomorphic mutations in the human MRE11 and
NBS1 genes causes ATLD and NBS, respectively, and
results in genome instability (Taylor et al. 2004; The
International Nijmegen Breakage Syndrome Study Group
2000). Two patients have been reported with defects in
RADS50 (Heikkinen et al. 2006; Tommiska et al. 2006). In an
elegant study using conditional mouse cell lines, the essential
function of MRN has recently been defined as its nuclease
activity (Buis et al. 2008). This study, together with that of
Williams et al. (2008), also demonstrates that the nuclease
activity of the complex is only required for DNA repair and
not for DSB signalling in checkpoints nor for telomere
metabolism, a point that was ambiguous from budding yeast
studies (see below). This discovery suggests that mammalian
cells, particularly embryonic, absolutely require MRN
nuclease activity in order to cope with spontaneous DSBs
that occur during DNA replication, a requirement that would
be particularly important for the rapid cycling that occurs
during early stages of development.

Structure, functions and post-translational regulation
of the three players

Our understanding of the structure of the MRN complex
has dramatically increased during the last decade. We now
have clearer insights into how MRN interacts with DSBs
and how it manipulates broken DNA. In addition, emerging
data suggest an important role for post-translational
modifications in regulating the activities (and their cell
cycle timing) of the complex.
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The MREI11 nuclease

The MRE11 protein is known to dimerize (via a hydrophobic
cluster localised between two alpha helices of each MRE11
units that is reinforced by a salt bridge) to form a U-shaped
dimer (Fig. 2; Hopfner et al. 2001; Williams et al. 2008).
This formation of homodimer is needed for basic MRN
function, and the conserved residues, allowing for dimer-
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Fig. 2 Structure of Mrell. a The domain structure of Mrell: the
amino-terminal region of Mrell contains the phosphoesterase motifs
(marked with red rectangles) within the nuclease domain. This region
also interacts with Nbsl (blue rectangles). Located at the carboxyl-
terminal region is a Rad50 interacting domain (Rad50 i.d. indicated as
a brown rectangle) containing the GAR motif. It is flanked by two
DNA-binding motifs (green rectangles). The “capping domain” in the
centre of the protein is responsible for Mrell conformational changes
upon DNA binding and partially overlaps with the “nuclease domain”.
Indicated with stars are mutations found in ataxia-telangiectasia-like
disorder (ATLD). Finally, the Mrell molecule can dimerise via
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ization, are required for MRE11 DNA binding in vitro, and
MREI1 repair activity in vivo (Williams et al. 2008)
MREI11 dimer interacts with RADS50 via a domain localised
in the C-terminal third of protein, flanked by two DNA
binding regions (residues 407421 and residues 643—692;
Fig. 2a). It also interacts with NBS1, via an N-terminally
located interaction domain. Interestingly, mutations that
impair NBS1 binding to MRE11 and cause ATLD cluster to
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indicated dimerisation motifs. b The ribbon structure of Mrell
homodimer (adapted from Williams et al. 2008): two Mrel1 molecules
(indicated using two shades of yellow) interact via the dimerisation
motifs and form a U shaped dimer. ¢ The Nbsl protein interacts with
the Mrell dimer via a surface opposite to the DNA binding cleft (see
text for further description). Indicated on the schematic are residues
causing ATLD, which also abrogate the Nbsl-Mrell interaction. d
The Mrell dimer can interact with (1) two dsDNA ends forming a
“synaptic” complex or (2) a single ssDNA/dsDNA end forming a
“branched” complex. See main text for a detailed description
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a single MREI1 dimer surface opposite the DNA binding
cleft (see Fig. 2c and Hopfner et al. 2001; Williams et al.
2008). For example, the N117S mutation in human MRE11
(leading to ATLD) and its analogous yeast mutation N113S
(causing sensitivity to IR) both fail to interact with NBS1
and Xrs2, respectively (Williams et al. 2008).

Five conserved motifs in MREI1 found in its amino-
terminal region are responsible for its nuclease activity
(Fig. 2a; Moreau et al. 1999; Stracker et al. 2004; Williams
et al. 2008). In vitro studies have demonstrated that MREI 1
has ssDNA endonuclease, 3'->5" ssDNA exonuclease,
dsDNA exonuclease and hairpin opening activities (Furuse
et al. 1998; Paull and Gellert 1998; Trujillo and Sung 2001;
Trujillo et al. 1998; Usui et al. 1998). Mutations in the
second or fourth nuclease motif of yeast Mrell result in
defective recombinational DNA repair (Bressan et al.
1998). The nuclease activities of human MREI1 are
dependent on the presence of ATP, manganese and NBSI
(Paull and Gellert 1999). In addition, RAD50 was found to
stimulate the nuclease activity of human MRE11, but this
was not the case for budding yeast Rad50 (Paull and Gellert
1998, 1999; Trujillo and Sung 2001). The in vivo relevance
of Mrell’s nuclease activities for DSB signalling is an
interesting question as, although MRN is required for
signalling, in vivo DSBs are processed with the opposite
polarity (5’-3', resulting in ssDNA tails with 3’ ends) to the
3'-5" exonuclease activity of Mrell in vitro (Hopkins and
Paull 2008; Nakada et al. 2004). This conundrum has been
resolved recently by two major observations, firstly, the
demonstration that the role of MRN in initial checkpoint
signalling does not depend on its nuclease activity and,
secondly, by the identification of exonucleases of the correct
polarity involved in DSB resection in vivo (see next section).

Two key residues, neither of which impair Mn?*"
binding, have been identified that separate the endonuclease
and exonuclease activities of MRE11. The S. pombe Mrell-
H68S mutant (H68, located in the second nuclease motif; is
required for phosphate rotation before cleavage and is
homologous to furiosus H52) lacks the 3'-5' exonuclease
activity; whereas, H134S (H134, located in nuclease motif
1, is required for interaction with an intermediate DNA
substrate and is homologous to furiosus H84) lacks both the
3'-5" exonuclease and endonuclease activities (Williams et
al. 2008). Analysis of these mutants demonstrates that in
mitotic cells, the exonuclease defective mutant is proficient
for DSB repair, whereas the mutation that additionally affects
endonuclease activity is repair defective. Importantly, the lack
ofthese MRE11 enzymatic activities does not affect the role of
MRE11 in DSB-specific checkpoint signalling. Furthermore,
this recent study ends the controversy resulting from the usage
of several yeast mutants that have only recently been
discovered affecting both complex integrity and its nuclease
function (Krogh et al. 2005). In addition, the data obtained by
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Williams et al. are in agreement with the phenotype of
budding yeast H125S (equivalent to S. pombe H134S) which
is proficient for complex formation and nuclease deficient
but can still initiate checkpoint activation in response to
DNA damage (MG and NL unpublished data; Clerici et al.
2006; Krogh et al. 2005).

The Mrell dimer is able to form two types of complexes
with DNA, depending on the DNA structure (see Fig. 2b—d).
The first type, termed a “synaptic DNA complex”, is formed
between Mrell and the ends of oligonucleotides containing
mostly double-stranded DNA with short 3’ overhangs that
mimic the DSB. The second type, termed a “branched DNA
complex”, is created between Mrell and “Y-shaped’ oligo-
nucleotides containing regions of both double- and single-
stranded DNA oligonucleotides that resemble a stalled
replication fork. Binding to dsDNA appears to be mediated
primarily by the minor groove of DNA, which has less
potential for sequence specific interactions. Surprisingly,
once bound, the DNA is sculpted to a different shape helping
to accommodate the DNA backbone as required for the
exonuclease activity of Mrell. The phosphodiester backbone
is distorted by a wedge-like structure formed by amino acid
residues located on a loop that recognises the DNA. Thus,
the minor groove of the DNA double helix is widened by 2A
and bent towards the major groove by 10°. Furthermore, the
DNA is translocated toward the active site of the Mrell
dimer by approximately two third base pairs. This is
achieved by rotation of a part of Mrell molecule, including
the so-called capping domain, which would otherwise
occlude access to the active site (see Fig. 2a). Another part
of each Mrell subunit, containing the phosphoesterase
motifs, forms an active site termed the “nuclease domain”,
which accesses individual nucleotides. The endonuclease
activity allows for opening of the DNA double helix,
whereas the 3'-5" exonuclease activity facilitates the produc-
tion of ssDNA substrates suitable for RPA and hSSBI1
proteins (Williams et al. 2008 and see below).

The RADSO0 coiled-coil protein

RADS50 belongs to the structural maintenance of chromosome
(SMC) family of proteins, involved in chromosome conden-
sation and sister-chromatid cohesion in eukaryotes. The N-
and C-termini contains Walker A and B motifs required for
ATPase activity as well as being responsible for DNA binding
and partial unwinding (Fig. 3a and Chen et al. 2005a; de
Jager et al. 2002; Hopfner et al. 2000a, b; Raymond and
Kleckner 1993). In S. cerevisiae, replacement of the
conserved lysine residue within the Walker A motif with
alanine, glutamate or arginine results in the same DNA
damage sensitivity as well as DSB repair (Chen et al. 2005a)
and meiosis (Alani et al. 1990) defects observed in rad50A
deletion mutants. In vitro yeast Rad50 proteins harbouring
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Fig. 3 Structure of Rad50. a The domain structure of Rad50: Walker
A and B motifs, responsible for Rad50 ATPase activity, are located at
both ends of protein (red squares). The Mrell protein interacts with
Rad50 via a region localised in close proximity to the Walker motifs
(Mrell i.d. indicated as yellow rectangles). The centre of Rad50 is
formed by two coiled-coil regions (dark green) that are linked by a
“hinge” containing a Zinc-hook (light green rectangle). b Schematic
showing dimerisation of Rad50: the Rad50 protein folds back on itself

Walker A and B mutations are defective in ATPase, DNA
binding, ATP-dependent DNA unwinding and ATP-
stimulated endonuclease activities (Chen et al. 2005a).

Outside of the Walker A and B motifs, the central region
of RADS0 is composed of a large coiled-coil structure that
can fold back on itself, via a “hinge” region (Hopfner et al.
2001). This intra-molecular interaction of the RADS50
molecule allows both Walker motifs to directly interact,
forming a globular ABC transporter-type ATPase domain.
Furthermore, co-expression and electron microscopy
revealed that MREI11 binds to the coiled-coil region near
the ATPase domain (Fig. 3a, b). The “hinge” region at the
end of the coiled-coil arm contains a zinc hook, composed
of the CXXC motif, which allows RADS50 molecules to
dimerize (Hopfner et al. 2002). Mutations of Cysteine 690
of the yeast Rad50 hook motif confers radiation, MMS and
hydroxyurea sensitivity, telomere shortening and impaired
interaction with itself and also with Mrell (Hopfner et al.
2002; Wiltzius et al. 2005). However, interaction between
Rad50 molecules appears to involve more than a functional
hook region as disruption of this region in human RAD50
does not fully abrogate self-interaction (Cahill and Carney
2007). Together, these results suggest an architectural role
for the Rad50 coiled-coils in forming metal-mediated
bridging complexes between two DNA-binding heads.
Importantly, the resulting assemblies have appropriate
lengths and conformational properties to link sister chro-
matids in homologous recombination and DNA ends in
non-homologous end-joining (Fig. 5c).

The globular ABC transporter-type ATPase domain is
found mainly in integral membrane proteins (e.g. the cystic
fibrosis transmembrane regulator (CFTR)) that gate ions or

via a “hinge” region resulting in the formation of a long flexible arm
by the coiled-coil regions. The Rad50 molecules can interact with
each other, forming dimers, using the Zinc hook ending the hinge
region. The interaction between two Rad50 molecules occurs via the
“hinge” regions in the presence of a Zn>" ion. On the opposite end of
the Zink hook, a globular head is formed by the Walker motifs A and
B and Mrell interacting domains

small molecules across membranes (Holland and Blight
1999; Lewis et al. 2004). Similarly to other ABC trans-
ported superfamily members, RADS50 has recently been
shown to possess an additional activity, the reversible
transfer of a phosphate group from ATP to AMP to generate
two ADP molecules (Bhaskara et al. 2007). Specific
RADS50 mutants (equivalent to a mutation found in CFTR
that causes severe cystic fibrosis) defective in this adenylate
kinase (AK) activity, but proficient in its ATPase activity,
form the MRN complex normally but are severely defective
in RADS0 functions. It is believed that the ATPase and the
adenylate kinase (AK) activities of RADS50, which act
competitively, both regulate conformational (allosteric)
changes in the RADS50 protein important for various
activities (DNA binding, unwinding and/or tethering) of
the MRN complex in vivo. However, the precise details of
how each nucleotide bound state (ATP or AMP) affect the
catalytic domain and coiled-coil domains of RADS50 in
multimeric MRN complexes remains to be determined.

The NBS1 regulator protein

Although NBS1 does not have any known enzymatic
activities, it clearly regulates MRN functions. Firstly, it is
essential for the nuclear localisation of Mrell and Rad50
(Camey et al. 1998; Shima et al. 2005; Tsukamoto et al.
2005; Cerosaletti et al. 2000; Desai-Mehta et al. 2001), and
the sensitivity of xrs2A cells to MMS and HU can be
rescued by fusing a nuclear localisation signal to Mrell
(Tsukamoto et al. 2005). Secondly, NBSI1 is also needed for
the rapid focal assembly of MRN complexes at sites of DNA
damage (Horejsi et al. 2004; Kobayashi et al. 2002; Lee and
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Paull 2004). Thirdly, Nbs1 stimulates the activities of Rad50
and Mrell as it is required for nucleotide-dependent DNA
binding by the MRN complex and the ATP-dependent DNA
unwinding (Lee et al. 2003; Paull and Gellert 1999). Several
Nbs1 regions have been identified that are implicated in the
response of cells to DSBs (Fig. 4a).

The fork head-associated (FHA) domain (first identified
in nuclear kinases and transcription factors; Hofmann and
Bucher 1995) is present at the N-terminus of Nbsl and is
followed by two tandemly repeated BRCA1 carboxyl-
terminus motifs (BRCT; first identified in the BRCAI
tumour suppressor, Bork et al. 1997; Fig. 4a, c). Interest-

ingly, until recently, only one BRCT domain was thought to
be present in NBS1. Becker et al. suggested the presence of
a second BRCT domain, in NBS1, as a result of a series of
sequence alignments and protein structure prediction
(Becker et al. 2006). The presence of a pair of BRCT
domains is not surprising. In fact, many proteins involved
in DNA damage checkpoint control and DNA repair have
been shown to contain, typically, multiple copies of the
tandem BRCT motif (Callebaut and Mornon 1997). For
example: BRCA1, mediator of the DNA damage check-
point 1 (MDC1), 53BP1, CtIP and budding yeast Rad9
contain a tandem pair of BRCT motifs. Other proteins
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Fig. 4 Structure of Nbs1/Xrs2. a The domain structure of Nbsl: the
phosphopeptide binding fork head-associated domain (green rectan-
gle) is followed by a tandem BRCT motif (blue rectangles). Three
short motifs responsible for Nbsl interactions with PI3K, Mrell and
ATM kinase are localised at the carboxyl end of the protein
(respectively indicated by yellow, orange and red rectangles).
Indicated with stars are mutations found to cause Nijmegen Breakage
Syndrome (NBS). Two serine residues (indicated with red circles)
become phosphorylated in response to DNA damage. Nuclear local-
isation signals are indicated by NLS. b The domain structure of Xrs2:
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the domain architecture of Xrs2 resembles that of Nbsl. At the amino
terminus, a FHA domain is followed by a newly identified tandem
BRCT motif. Xrs2 interacts with Mrell and Tell via short motifs
localised at the carboxyl-terminus. Four putative PIKK phosphoryla-
tion sites are indicated (red and blue circles). ¢ Three dimensional
structure of the FHA-BRCT1-BRCT2 module of Nbsl: the ribbon
representation of the module structure indicates regions that interact
with phospho-Serine and phospho-Threonine containing peptides
(shown as sticks). Adapted from Becker et al. 2006
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contain multiple pairs (e.g. fission yeast Rad4/Cut5, which has
four motifs arranged in two pairs and TOPBP1 which has eight,
arranged in four pairs (reviewed in Callebaut and Mornon
1997; Rodriguez and Songyang 2008). Both the FHA and
tandem BRCT domains have been shown to have domains
specific for phospho-peptides that mediate interaction with
phosphorylated DNA damage response (DDR) proteins (Bork
et al. 1997; Durocher et al. 1999; Hofmann and Bucher 1995;
Li et al. 2000; Mahajan et al. 2008; Yu et al. 2003).

The FHA and the BRCT domains of NBS1 are required
for its interaction with YH2AX (H2AX phosphorylated on
serine 139) and phosphorylated MDC1 important for the
DDR (Chapman and Jackson 2008; di Masi et al. 2008;
Kobayashi 2004; Kobayashi et al. 2002; Wu et al. 2008).
The FHA domain is also been reported to be required for an
interaction with ataxia-telangiectasia-related (ATR; Olson et
al. 2007; Shimada et al. 2009). In yeast, the FHA domain is
necessary for non-homologous end joining (NHEJ) effi-
ciency and specific interaction with Lifl, the cofactor of
Ligase IV (Matsuzaki et al. 2008; Palmbos et al. 2005,
2008; see Fig. 4b). This function might not be well
conserved as MRN does not seem to be necessary for
NHEJ in fission yeast nor in Xenopus (Di Virgilio and
Gautier 2005; Manolis et al. 2001).

Interestingly, most NBS patients share a five nucleotide
deletion 657del5 (also termed the Slavic mutation) causing the
premature truncation of the protein and expression of two
NBS1 fragments, at lower level than the endogenous full
length protein in NBS1 proficient cells (Maser et al. 1997).
Thus, the mutant protein is expressed as 26 kDa amino-
terminal part, consisting of the FHA domain with the first
BRCT motif, and a 70-kDa carboxyl-terminal part, contain-
ing the second BRCT motif and the remaining carboxyl
region of NBS1. Although the carboxyl terminal part of
NBSI1 appears to be sufficient for cell viability, the lack of a
contiguous amino-terminal FHA domain and BRCT1 motif
leads to sensitivity to DNA damaging agents, such as IR, and
radio-resistant DNA synthesis. The reduced expression levels
of the two expressed NBS1 fragments probably contributes
to this phenotype since higher expression level of the C-
terminus of NBS1 partially rescues the IR sensitivity of NBS
cells (Desai-Mehta et al. 2001). These phenotypes are
consistent with those observed in other organisms in which
the FHA and BRCTI have been mutated.

The extreme carboxyl terminus of NBSI contains short
motifs responsible for its interactions with MRE11 (residues
683-691), ataxia-telangiectasia-mutated (ATM; residues
734-754) and a more recently identified interaction with
pl10«, the catalytic subunit of PI 3-kinase (residues 653—
669; Carney et al. 1998; Chen et al. 2008a; Desai-Mehta et
al. 2001; Falck et al. 2005; Matsuura et al. 1998; Varon et
al. 1998). Direct physical interaction between NBSI and
MREI11 is required for cell survival after IR. However,

neither nuclear localization nor focal accumulation of
NBS1 after IR (ionising radiation-induced foci (IRIF))
required the ability of NBS1 to interact with MREII
(Desai-Mehta et al. 2001; Tauchi et al. 2001).

Falck et al. identified short motifs at the carboxyl-termini of
NBSI1, ATRIP and KUS8O0 that serve as motifs capable of
docking the relevant phosphoinositide-3 kinase-related (PIK)
kinases: ATM, ATR and DNA-PK, respectively. Deletion of
the conserved ATM-interacting domain (ATM i.d., Fig. 4a) of
NBSI impaired ATM recruitment to the sites of DNA damage
and delayed kinase activation and ATM-dependent DNA
damage signalling pathways (Falck et al. 2005). Similar
observations with the equivalent region of budding yeast Xrs2
(see Fig. 4b) or fission yeast Nbsl indicate evolutionary
conservation of this function (Nakada et al. 2003).

The recent demonstration that NBS1 can interact with
and activate PI3-kinase (important in oncogenic signalling)
is intriguing, as overexpression of NBSI, detected in the
advanced stages of neck and head cancers, appears to
induce PI3-kinase activation. These findings may implicate
NBSI1 in a direct role in transformation and tumourigenesis
(Chen et al. 2008b). Note that there is no evidence for a
similar PI3-kinase binding motif in lower eukaryotes.

Three components, many complexes

The stoichiometry of the MRN complex has been addressed
in hydrodynamic experiments. Surprisingly, gel filtration
experiments indicated that the size of the MR (MRE11-
RADS0 only) complex was greater than 1.3MDa. More-
over, MRE11 alone did not elute in the range of predicted
molecular weight of 80 kDa but instead formed a higher
order structure of about 350 kDa (Paull and Gellert 1998).
These results were in agreement with yeast two-hybrid data
and genetic studies supporting Rad50-Mrell and Mrell-
Mrel linteractions (Johzuka and Ogawa 1995; Nairz and
Klein 1997) and suggest that Mrel1l can form homo-dimers
and be present in the MRN complex as either a dimer or
tetramer. In addition, the formation of stable Mrell
homodimers, in the absence of Rad50, was later confirmed
using analytical ultracentrifugation experiments (Lee et al.
2003). Trujillo et al. have reported that human NBS1 appears
to be sub-stoichiometric in regards to MRE11 and RADS50
(both of which eluted from the purification column with 1:1
molar ratios). Therefore, NBS1 either interacts with only a
fraction of MR complexes or is of a lower stoichiometry in
the MRN complex (Paull and Gellert 1998; Trujillo et al.
1998). Finally, X-ray crystallography of Pyrococcus fur-
iosus Rad50 with a nuclease-proficient fragment of Mrell
(residues 1-342 and lacking the C-terminal 82 residues) led
to the conclusion that the P furiosus MR complex is
formed of two Mrell and two Rad50 molecules (note that
archaeal Mrell complex does not contain an Nbs1 subunit;
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Hopfner et al. 2001). Consistent with the above, the
purified MRX complex from yeast has a stoichiometry of
2:2:1, resulting in a total size of approximately 560 kDa
(Chen et al. 2001; Ghosal and Muniyappa 2007). However,
the predicted size for the yeast M2/R2/N is still signifi-
cantly smaller than the 1.3 MDa suggested by gel filtration
experiments performed with recombinant purified proteins
(Paull and Gellert 1998).

Observations consistent with a yeast complex lacking
Mrell suggest the possibility of the formation of RN sub-
complexes (Ho et al. 2002). This hypothesis has recently
been supported by a study using scanning force microsco-
py. van der Linden et al. (2009) reported that a structure
similar to the big globular head and flexible coiled-coil
arms of the M2R2 complex can form between RAD50 and
NBS1 molecules, and this basic shape is maintained upon
addition of MREI1. Their data support the possibility of
complexes composed of a single RAD50 molecule (R), a
RADS50 dimer (R2) or even RADS5S0 multimers (Rx, see
Fig. 5). Interestingly, NBS1 and MRE11 availability affects
the type of complex formed (Fig. 5a). When both MRE11
and NBS1 proteins are present in equal amounts, the
complex formed consists of M2R2N or M2RxN (where x is
greater than 2). However, in abundance of NBS1 compared
to MREI1, a complex containing RADS50 multimers is
preferably formed. It is possible that in vivo MRN can also
interact pleiotropically with itself forming complex higher
order structures, perhaps explaining past hydrodynamic
analyses (see above). Thus, the observed >1.3 MDa
complex could be explained, at least in part, by various
higher order MRN complexes, in addition to interactions
with other proteins (Fig. 5).

Structural data published by Hopfner and subsequently
by Moreno-Herrero revealed that the Mrell dimer binds to
Rad50 at the base of globular ABC ATPase domain (Fig. 3
and Hopfner et al. 2001; Moreno-Herrero et al. 2005). The
50-nm long Rad50 arms can adopts two conformations
(Fig. 5). The first one is an “open” confirmation, in which
the arms do not touch each other. The second conformation
is called a “closed” confirmation, where the zinc hooks of
the two Rad50 molecules interlock with one another
forming a ring-like structure, which resembles that of
SMC (Hopfner and Tainer 2003). Moreno-Herrero et al.
(2005) reported that the complex, when not bound to DNA,
was able to switch between the open and closed confirma-
tion as a function of time. The basic structure of the M2R2
complex, with big globular “head” (formed by Mrell
molecules and the ATPase/AK domains of Rad50) and
flexible Rad50 coiled-coil “arms”, remains unchanged
when the third complex member, Nbsl, binds to Mrell
(Moreno-Herrero et al. 2005; Fig. 5).

Striking changes to the structure of the MRN complex
take place upon DNA binding (Fig. 5c). The flexible Rad50
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arms become more rigid and parallel to each other, albeit
retaining some flexibility, and protrude away from the
DNA-binding globular head domain. The Zinc hook in the
hinge region allows the interaction of different MRN
complexes together. This interaction is crucial to the
physiological roles of MRN mitotic or meiotic recombina-
tion by bridging of DNA ends, sister chromatid or
chromosomes together. These structural changes to the
arms are dynamic, as MRN can dissociate from DNA and
return to its flexible open or closed loop confirmations
(Moreno-Herrero et al. 2005). Interestingly, the DNA-
bound complex was observed to move along the DNA
following the contour of the DNA molecule. Thus, the
MRN complex is able to slide along the DNA, which
would allow further MRN molecules to bind DNA ends
(Moreno-Herrero et al. 2005), an ability that might also be
useful for the initial steps of DNA repair. Note that it
remains unclear whether the ability of MRE11 to translo-
cate DNA ends towards the MRE11 active site is involved
in MRN sliding along the DNA. In addition, further studies
are required to solve the mystery of how the RADS0
molecule (together with MREI11 and possibly NBS1)
regulates the complex conformational changes observed
between its ATPase/AK head and its 50 nm extending arms.

Post-translational modifications of the complex

Regulation of MRN by post-translational modifications
adds still further complexity to the structure and function of
the MRN complex. The three members of the complex are
phosphorylated after damage (Matsuoka et al. 2007; Mu et
al. 2007), but the role of the phosphorylation sites have
only been carefully studied in NBS1 (see below). ATM-
dependent phosphorylation of NBS1 and Tell-dependent
phosphorylation of Xrs2 and Mrell has been reported in
response to DNA damage (D’Amours and Jackson 2001;
Dong et al. 1999; Nakada et al. 2003; Usui et al. 2001; Wu
et al. 2000). MRE11 phosphorylation is abrogated in NBS
cells, which also lack focal recruitment of MREI11 after
ionising radiation (MREI1 IRIFs), indicating that both
MREI11 phosphorylation and foci formation are NBSI
dependent (Dong et al. 1999). NBS1 phosphorylation was
reduced in ATM-deficient cells after IR and in ATR
deficient cells in response to UV, MMS or HU (Costanzo
et al. 2001; Wu et al. 2000). Sites of ATM-dependent
phosphorylation of NBS1 have been mapped to serine 278
and 343 after IR (see Fig. 4a and Gatei et al. 2000; Lim et
al. 2000). These serine residues are well conserved in
vertebrates with the exception of mice, where serine is
conservatively substituted with threonine (Tauchi et al.
2001, 2002). They are also crucial for proper activation of
the intra-S phase checkpoint in response to DNA damage,
pointing to a putative function for the second BRCT motif
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in this checkpoint. Recently, S278 and S343 have been
shown to be critical residues regulating p53-independent
apoptosis via an interaction with Ku proteins (lijima et al.
2008a). Budding yeast Xrs2 contains four putative PIK
kinase sites (S/T-Q), but no sites of phosphorylation have
yet been identified in any fungal homologues of Nbsl.
Interestingly, acetylation of NBS1 has been shown to
function antagonistically to S343 phosphorylation. Yuan et al.

a

Associated with ...

...Rad50 monomer

@

...Rad50 dimer

(2007) have determined that NBS1 can be acetylated by
PCAT and p300 histone acetylases (HATs) on ten out of its
70 lysine residues with the histone deacetylase SIRT1
exclusively regulating de-acetylation. SIRT1 interacts with
NBSI1 (residues 572-754) when it is bound to MR; an
interaction that is not affected by IR. Interestingly, hyper-
acetylation of Nbs1, observed in response to over-production
of HAT or by down regulation of SIRTI, diminished

...Rad50 multimer

o Mre11 = Nbs1

Mre11 > Mre11/Nbs1 > Nbs1

o Nbs1 > Mre11/Nbs1 = Mre11

Fig. 5 Formation of the MRN complexes: a The MRN complex can be
formed with one, two or multiple Rad50 molecules depending on the
molar ratio of Nbs1 and Mrel 1. If both Nbsl and Mrell are present in
equimolar amounts, then a complex containing a single Rad50 molecule
is most likely to form (red circle). If Mrell is more abundant than
Nbsl, the complex is most likely to contain two Rad50 molecules
(vellow circle). Finally, if Nbsl is more abundant than Mrell, Rad50
multimers are most likely to be found in the MRN complex (green
circle). An MRN complex with a double-Rad50 molecule exists in two
conformations: (1) “open” when the Rad50 coiled-coil arms do not
interact (2) “closed” when the Rad50 coiled-coil arms interact via their

hinged region forming a ring-like structure. b MRN may form a
complex protein network. Interactions between the Rad50 molecules
allow for aggregation of the MRN complex. ¢ The conformation of the
MRN complex changes upon DNA binding: when the MRN complex is
not in contact with DNA the Rad50 arms remain flexible (see panel a
and b). Association with DNA triggers conformational changes and
Rad50 arms become more rigid and parallel to one another, facilitating
the formation of a bridge bringing DNA molecules in close proximity.
The Zinc hook ending the hinge region of Rad50 is a key element that
contributes to link broken DNA ends and sister chromatids together,
facilitating DNA processing and repair
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activation of NBSI by DNA damage-induced, ATM-
dependent phosphorylation on Ser 343. Thus, the balance
between acetylation and phosphorylation of NBS1 regulates
its role in the intra-S checkpoint although the precise
mechanism remains poorly understood (Yuan et al. 2007).
Methylation of Mrell has also been shown to regulate
MRN intra-S checkpoint function (Boisvert et al. 2005b).
Mass spectrometric analyses identified nine methylated
arginines in a glycine- and arginine-rich region (GAR
domain, residues 566—600) of Mrell (Boisvert et al.
2005b). The first six arginines of the motif are the most
important for the functionality of this region (Dery et al.
2008). Additionally, western blot analysis shows that this
modification is constitutive. In mouse, protein arginine
methyl transferase 1 (Prmtl) is required for Mrell
methylation, as modification is absent in Prmt1 "~ ES cells
(Boisvert et al. 2005a). Interestingly, both Prmt1 and Nbsl
proteins localise in PML nuclear bodies, structures involved
in several cellular mechanisms including DNA repair
(Bernardi and Pandolfi 2007). Methylation of human
MREI11 is likely to occur before MRN complex formation,
as PRMT1 does not interact with RADS50 and NBS1 (Dery
et al. 2008). MREI11 that cannot be methylated purified
from bacculovirus interacts normally with RADS50 and
NBSI but displayed defective DNA binding that impacted
on MRN nuclease activity in vitro (Boisvert et al. 2005b;
Dery et al. 2008). Furthermore, inhibition of PRMT
activities resulted in a radio-resistant synthesis phenotype
and defective formation of YH2AX and MREI1 damage
induced foci (Boisvert et al. 2005a). Note that the intra-S
checkpoint defect could be rescued by overexpression of
Mrell (Boisvert et al. 2005a, b), and DNA damage-
induced MRE11 binding to chromatin is diminished in the
absence of the GAR domain (Dery et al. 2008). These data
suggests that methylation of MRE11 on its C terminal GAR
domain contributes to the regulation of its recruitment at
sites of DNA damage and lack of methylation affects DSB
processing and the integrity of the intra-S phase checkpoint.

Important interaction partners: novel members
of the MRN complex?

Recently, two proteins have been shown to interact with
MRN and to play important functions in the response to
DSBs. Their role in MRN function suggests that they might
be novel components of the MRN complex.

The CtIP/Ctpl/Sae2 protein
Yeast Sae2 (also termed Coml) was first identified as

necessary, together with MRX, for processing of meiotic
DSB with covalently attached Spoll (Borde 2007). Sae2
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orthologues have recently been found in all eukaryotes, and
its meiotic functions appear to be conserved (Limbo et al.
2007; Penkner et al. 2007; Sartori et al. 2007; Uanschou et
al. 2007). The human orthologue, CtIP, was first identified
as a binding protein for Rb and CtBP1 (reviewed in Wu and
Lee 2006). Similarly to S. cerevisiae Sae2 and fission yeast
Ctpl, CtIP is necessary for DSB survival, in particular, after
topoisomerase inhibitor-induced damage (Hartsuiker et al.
2009a, b; Huertas et al. 2008; Limbo et al. 2007; Sartori et
al. 2007). CtIP/Ctp1/Sae2 also has a role in mitotic DSB
resection as it is required for RPA accumulation at DSBs
(Huertas et al. 2008; Limbo et al. 2007; Sartori et al. 2007)
and for processing and DNA end bridging of an HO-
induced DSB (Clerici et al. 2005). Its role in HR has been
demonstrated in plasmid based assays, gene conversion at a
unique I-Scel break and in sister chromatid recombination
(Huertas et al. 2008; Limbo et al. 2007; Sartori et al. 2007).
The recombinant Sae2 protein has endonuclease activity in
vitro and can cleave hairpin-capped structures co-
operatively with MRX (Lengsfeld et al. 2007). However,
human CtIP has no associated nuclease activity but can
stimulate MRN endonuclease activity in an ATP-
independent manner (Sartori et al. 2007). Importantly, CtIP
behaves like a novel member of the MRN complex as it
binds MRN constitutively (i.e. independently of DNA
damage) and is recruited to DSBs in an MRN-dependent
manner in fission yeast (Limbo et al. 2007). However, it is
not yet known if interactions between MRN and CtIP/Sae2
are conserved in all organisms. Note that inactivation of
CtIP, similarly to MRN, leads to embryonic lethality (Chen
et al. 2005b). In agreement with its role in DSB processing,
Sae2/CtIP is not required for the initial step of checkpoint
activation as depletion of CtIP has no effect on ATM-
dependent phosphorylation of H2AX, CHK2 nor SMCI1,
but does affect resection-dependent ATR-signalling as
detected by CHK1 and RPA2 phosphorylation (Sartori et
al. 2007). Additionally, yeast cells harbouring a sae2 null
mutation display normal activation of Rad53 (similar to
mrell nuclease defective cells) but fail to inactivate the
checkpoint in response to DSB as detected by persistent
Rad53 phosphorylation (Baroni et al. 2004; Clerici et al.
2006). In agreement with this, cells that overproduce Sae2
exhibit the opposite phenotype showing Rad53 defective
activation like mrell A cells, and this is dependent on Mecl/
Tell phosphorylation sites (Baroni et al. 2004; Clerici et al.
2006). These data suggest a role for Sae2/CtIP in regulating
MRX/MRN nuclease activity and in terminating checkpoint
activation in a PIKK-dependent manner.

Interestingly, Sae2 is the target of additional post-
translational modification that regulates its abundance (Yu
and Baer 2000) as well as its function during cell cycle.
CtIP interacts with BRCA1, and this interaction depends on
phosphorylation of Ser273 in G2 (Chen et al. 2008a;
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Greenberg et al. 2006; Yu and Baer 2000; Yu and Chen
2004; Yu et al. 2006). In response to DNA damage,
BRCAL can then ubiquitinylates CtIP, which is dependent
upon the prior phospho-mediated interaction. The ubiquiti-
nylated form of CtIP binds chromatin dependently of S373
(Yu et al. 2006). Sae2 is also cell cycle phosphorylated by
Cdc28 (Baroni et al. 2004; Huertas et al. 2008), and this
modification seems to control Sae2 DNA repair function,
more precisely its role, together with MRX, in regulating
the balance between HR and NHEJ (see below).

The SOSS complexes

Recently, two novel, heterotrimeric ssDNA-binding com-
plexes, termed SOSS1 and SOSS2 (sensors of ssDNA 1
and 2) have been identified (Huang et al. 2009; Li et al.
2009). Both complexes exist preformed in undamaged cells
and share two interacting components, SOSS-A (also called
INTS3) and SOSS-C (also called hSSBIP1 or C9ORFS80).
The distinct, although related proteins, human single-strand
DNA binding proteins 1 or 2 (hSSB1 or hSSB2; also re-
named SOSSB1 and SOSSB?2), define the third component
of these complexes, with hSSB1 being specific for SOSS1
and hSSB2 for SOSS2 (Huang et al. 2009; Li et al. 2009).
Interestingly, the SOSS-A component interacts with Nbsl
(although not Mrell or Rad50), indicating that the SOSS1
and SOSS2 are likely to be MRN interacting complexes.

Like the loss of MRN, the loss of any component of the
SOSS complex resulted in abrogated or reduced activation
of ATM, as well as phosphorylation of some of its targets
(including CHK1 and NBS1). This suggests that SOSS may
be another factor required for efficient activation of ATM
and the ATM-dependent signalling cascade (Huang et al.
2009; Li et al. 2009; Richard et al. 2008). Indeed, hSSB1
deficiency has been shown to result in defective G1 and
G2/M checkpoints (Richard et al. 2008). More recently,
abrogation of the G2/M checkpoint has also been reported
in cells lacking the common SOSS complex component,
SOSS-A (Huang et al. 2009).

Similarly to the more widely studied RPA complex, the
hSSB1 and hSSB2 proteins bind to ssDNA substrates
(Huang et al. 2009; Richard et al. 2008) and appear to
function in DNA repair. Depletion of components of the
SOSS complex resulted in increased cellular sensitivity to
IR (Huang et al. 2009; Li et al. 2009; Richard et al. 2008)
and camptothecin (Huang et al. 2009). This suggests that
these novel protein complexes could be involved in the
repair of various types of DNA damage and contribute
specifically to the HR-mediated pathway of DSB repair. In
agreement with such a possibility, increased chromosomal
aberrations, reduced homology-directed DSB repair and
deficient Rad51 foci formation were observed in cells
defective in components of SOSS complexes (Huang et al.

2009; Li et al. 2009; Richard et al. 2008). Interestingly,
SOSS complexes form IR-induced foci in G1, S and G2;
however, these foci are MRN-dependent only in S and G2
(Huang et al. 2009). Therefore, in these phases, MRN either
acts together with SOSS, via the SOSS-A component to
guide SOSS complexes to IR-induced foci, or the MRN
complex must act upstream.

Even though both hSSBI1 and 2 bind to ssDNA, like
RPA, hSSB1 does not precisely co-localise with RPA foci
(Richard et al. 2008). However, both types of foci were
detected in close proximity, suggesting that both proteins
may function within the same larger site of ongoing DNA
repair, were they are likely performing distinct functions
(Richard et al. 2008). Unlike RPA, the role of the SOSS
complexes is specific for the DDR, as they do not appear to
function in DNA replication. Thus, hSSB1 does not form
foci in normal S phase (Richard et al. 2008). Also, unlike
RPA (which does not form foci in G1 cells), hSSB1 forms
IR-dependent foci independently of cell cycle phase. This
suggests that the recruitment of SOSS1 and 2 might be
independent of the MRN/CtIP-dependent resection of
DSBs. In support of this hypothesis, SOSS-A, hSSB1 and
hSSB2 foci formation is independent of CtIP (Huang et al.
2009). These results, together with the observation that
RPA foci are independent of SOSS complexes (Huang et al.
2009), suggest the existence of two parallel pathways,
MRN-SOSS and MRN-CtIP-RPA. Indeed, it is possible
that these two different pathways might contribute in two
distinct mechanisms of DSB signalling and repair (Nam
and Cortez 2009).

Assigned functions in the DNA damage response
Cell cycle checkpoint control

The phenotype of MRN/MRX-deficient cells suggests a
role in DSB signalling necessary for checkpoint activation
and DNA repair. The Mrell complex harbours a suite of
enzymatic activities, and its striking structure makes it
potentially extremely versatile while dealing with DNA
damage in living cells. Since the first studies implicating its
role in the DDR, a greater understanding on the molecular
function of MRN in DSB signalling, particularly its role in
activating ATM, has been acquired (reviewed in Williams
et al. 2007). Cell lines harbouring hypomorphic mutations
in components of the MRN complex and yeast cells
harbouring null mutations of MRX components have been
reported to present several deficiencies in DNA damage-
induced cell cycle delays at the Gl, intra-S and G2/M
checkpoints (reviewed in Zhang et al. 2006). Evidence
indicates that MRN acts very early in the DDR, most likely
as a DSB sensor. However, it also acts as a target of the
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checkpoint contributing to preservation of genomic integ-
rity by preventing DNA replication forks collapse and
facilitating DSB repair (reviewed in Borde and Cobb 2009).
We review here recent advances enlightening the molecular
role of the complex in the early sensing events of the DDR.

DSB sensing and ATM activation

The MRN complex has been shown to act upstream of
ATM and serve as a DNA damage sensor specific for DSBs
(Rupnik et al. 2008). In foci forming assays after IR, the
yeast and higher eukaryotic cells MRX/MRN complexes
are among the earliest to be recruited to sites of damage
(Lisby et al. 2004; Maser et al. 1997). As the earliest events
in the DDR occur so rapidly, including both recruitment of
MRN to the sites of damage and ATM activation
(Bakkenist and Kastan 2003), it is difficult to discern the
exact sequence of events. However, it has been demon-
strated that neither ATM nor its yeast homologue Tell is
required for MRN/MRX recruitment into IRIF (Lisby et al.
2004; Mirzoeva and Petrini 2001).

Interestingly, MRN/MRX-dependent checkpoint regula-
tion is independent of its nuclease activity, implicating
functions other than DNA end processing in this function
(Buis et al. 2008; Clerici et al. 2006, MG and NL
unpublished data). The ability of NBS1 to bind to
chromatin after the induction of endonuclease-generated
DSBs is required for ATM autophosphorylation on serine
1981 (Berkovich et al. 2007). Soutoglou et al. expressed
MRN components fused to a DNA-binding domain specific
for an introduced lac operator array to demonstrate the
importance of DNA recruitment, without a requirement for
DNA end processing, for MRN-dependent activation of
ATM in vivo (measured by autophosphorylation of S1981
and YH2AX formation). Thus, checkpoint activation can
occur without DNA damage if MRN is tethered to DNA by
another mechanism (Soutoglou and Misteli 2008). NBSI1 is
the subunit of the complex that recruits and activates ATM,
and this mechanism is conserved from yeast to human
(Falck et al. 2005; Nakada et al. 2003; You et al. 2005). The
carboxyl-terminus of NBSI contains a PIK kinase-
interacting motif specific for ATM. This motif is also
conserved in Ku80 and ATRIP where it regulates interac-
tion with DNA PKcs or ATR, respectively (Falck et al.
2005). The NBS1 PIK kinase interacting motif is necessary
not only for ATM recruitment to DNA damage (assayed by
IRIF) but also for its activation as CHK2, SMC1 and NBS1
itself, are not activated when this NBS1 motif is absent.
Note that acetylation of ATM by the Tip60 histone acetyl
transferase is also important for early ATM activation
(reviewed in lijima et al. 2008b; Squatrito et al. 2006), but a
direct connection between Tip60 and MRN has not been
established yet.
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In addition to NBS1, further ATM activation leading to
the generation of ssDNA coated with RPA requires the
ATP-dependent DNA unwinding activity of RADSO0,
hSSB1 (see above) and the endonucleolytic activity of
MREI11 possibly enhanced by CtIP (Moncalian et al. 2004;
Richard et al. 2008; Sartori et al. 2007; Takeda et al. 2007;
Uziel et al. 2003). Other in vivo events that are not yet well
connected to MRN, such as acetylation of Lys3016 in the
FATC region of ATM (Sun et al. 2007), autophosphoryla-
tion of ATM residues S367 and S1893 (Kozlov et al. 2006)
and, even more recently, the nucleosome-binding protein
HMGNI1 (Kim et al. 2009), has been implicated in
activation of ATM. Furthermore, Jazayeri et al. have
reported that single-stranded oligonucleotides, generated
as by product of the endonucleolytic processing of DNA
ends, can associate with the MRN complex and stimulate
ATM activity (Jazayeri et al. 2008). This is consistent with
in vitro results obtained with purified ATM, where both the
MRN complex and linear DNA were shown to be required
for activation of ATM (Lee and Paull 2005). In an elegant
extension of this in vitro work, Shiotani and Zhou (2009)
have provided data consistent with distinct roles for
different DNA substrates on ATM activity. They also
suggests that processing of DSBs into ssDNA ultimately
inhibits ATM and contributes to the switch from ATM to
ATR activation, a hypothesis that is likely to be true for
Tell and Mecl1 in yeast (Mantiero et al. 2007). Thus, MRN
may function to regulate ATM activity during ongoing DSB
signalling by controlling the production of suitable DNA
substrates at distinct stages of the DSB response. Clearly,
determination of the detailed sequence of MRN/MRX-
dependent events required for ATM activation and the
likely hand over to ATR activation requires further study.

Indeed, the exact mechanism of how the damage is
initially sensed and the role, if any, played by MRN
remains unclear. One possibility for this “immediate early”
sensing step is that under physiological conditions, the
MRN complex transiently interacts with chromatin. Dy-
namic but weak MRN interactions that occur with
undamaged chromatin might be reinforced in the vicinity
of DSBs, initially due to break-induced alterations in
chromatin structure but further strengthened by the ability
of NBS1 to interact with other DDR proteins upon their
subsequent modification or recruitment. For example, the
FHA and BRCT domains of NBS1 are known to mediate
interaction with phosphorylated amino acid residues on
surface of other proteins such as MDC1 and H2AX. A
reinforcement loop needed for MRN retention at sites of
DNA damage would no doubt involve interaction with
many other proteins, both dependent upon and independent
of post-translational modifications. Consistent with this
possibility, it is worth noting that although after damage
NBSI interacts with phosphorylated H2AX (Kobayashi et
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al. 2002), this modification (YH2AX) is not required for the
initial recognition of DSBs by DDR proteins (Celeste et al.
2003). NBSI1 recruitment to the sites of damage induced by
microbeam radiation was not impaired in H2ax "~ mice
cells, although a slight defect in the formation of late foci
formation was reported, consistent with defective retention
of the MRN complex. It is likely that many events are
required for the progressive recruitment of MRN to sites of
DNA damage, and these remain to be elucidated.

Generation of ssDNA: the end of the DNA end processing
paradox

How do cells process DSBs to intermediates that can be
used for both DNA repair and checkpoint signalling? In
yeast, a role for MRX has been known for many years (Lee
et al. 1998), but the details of the process have only
recently been elucidated (Gravel et al. 2008; Mimitou and
Symington 2008; Zhu et al. 2008). In addition to MRX,
DSB processing was known to require other nucleases and
the exonuclease, Exol, has been implicated in this process
(Llorente and Symington 2004; Nakada et al. 2004;
Tsubouchi and Ogawa 2000). However, DSB processing
is not fully abolished in exol cells or even cells doubly
defective in EXO1 and a member of the MRX complex
(Llorente and Symington 2004; Moreau et al. 2001). In
Escherichia coli, in the absence of the RecBCD exonucle-
ase activity, both the RecJ exonuclease and the RecQ
helicase are required for DSB processing. Similarly in
yeast, DSB processing is now known to require a RecQ
family member, the Sgs1 helicase, as well as an additional
exonuclease, Dna2 (Gravel et al. 2008; Mimitou and
Symington 2008; Zhu et al. 2008). When mutated, EXO1
and SGS1 have synergistic negative effects on the efficien-
cy of single strand annealing, gene conversion at the MAT
locus and ssDNA accumulation at an HO DSB.

Thus, Exol and Sgsl act in parallel pathways to generate
resected DSB. In addition, Zhu et al. (2008) demonstrated that
a dna?2 mutant has similar defects in DSB processing to sgs/.

Detailed analysis of DSB processing also demonstrated
that it requires two steps. Firstly, Mimitou and Symington
(2008) demonstrated that Sae2 is required to remove 50 to
100 nucleotides from the 5’ ends of the break, leaving a
short ssDNA tail with a 3’ end, which is also in agreement
with the detection of short oligonucleotides generated
during MRE11-dependent processing of DSBs (Jazayeri et
al. 2008). Secondly, the generation of longer region of
ssDNA requires both Exol and Sgsl. Interestingly, the
exol sgsl double mutant has a severe defect in checkpoint
signalling as judged by defective Rad53 activation (Gravel
et al. 2008), lack of Ddc2 foci formation and defective
accumulation of damaged cells at the G2/M transition in
response to unprocessed DSB (Zhu et al. 2008).

These studies explain the apparent contradiction between
the polarity of the MRX exonuclease in vitro, which is in the
3"to 5' direction, and the requirement of the MRX complex for
resecting DSBs which occurs by removal of one strand with 5’
to 3' polarity leaving a ssDNA tail with a 3’ end required for
homology direct repair. In higher eukaryotes, DSB processing
appears to be similar to the process in budding yeast. Indeed,
in mice, Exol is necessary for ssDNA accumulation and DNA
damage signalling (Schaetzlein et al. 2007). Furthermore,
Exol together with a Sgsl homologue, BLM (which is
mutated in Bloom’s syndrome), is required for survival,
ssDNA accumulation and efficient ATR-dependent check-
point signalling (Gravel et al. 2008; Jazayeri et al. 2000).
Finally, BLM can directly stimulate EXO1 resecting activity
in vitro (Nimonkar et al. 2008). Interestingly, the archaeal
helicase HerA and nuclease NurA cooperate with Mrell/
Rad50 in P furiosus to generate sSDNA and have been
found to be the functional homologues of eukaryotic BLM
and EXO1 (Hopkins and Paull 2008).

In conclusion, the generation of ssDNA tails with 3’ ends at
DSBs involves two distinct steps of processing: the Sae2-
dependent endonucleolytic generation of a short tail, followed
by the exonuclease (Exol and Dna2) and helicase (Sgsl)-
dependent extension of this ssSDNA tail. These enzymes are
absolutely required for signalling, repair and, as a consequence,
viability of eukaryotic cells. The fact that similar enzymes are
required in bacteria to process DSB demonstrates once again
the extraordinary conservation of the basic mechanisms
essential for cell survival (reviewed in Niu et al. 2009).

Deciding between homologous recombination
and non-homologous end joining

Given its ability to recognise and to process broken
chromosome ends, it is not surprising that the MRN
complex is involved in homologous recombination. Specif-
ically, its role in resecting DNA is required for RadS51
nucleofilament formation during the presynapsis step of
recombination (Li and Heyer 2008). Thus, MRN mutants
display defects in meiosis, IR-induced recombination,
plasmid based HR assays and recruitment of homologous
recombination (HR) proteins in both yeast and higher cells
(Bressan et al. 1999; Buis et al. 2008; Tauchi et al. 2002;
Yang et al. 2006). DNA end recognition and processing are
also consistent with a role for the complex during the early
stage of NHEJ, and this has been established in budding
yeast (Daley et al. 2005; Milne et al. 1996; Moore and
Haber 1996). However, MRN mutants are not deficient in
NHE]J repair in a plasmid assays in fission yeast where the
complex appears to be mostly involved in homologous
directed repair (Akamatsu et al. 2008; Manolis et al. 2001;
Tomita et al. 2003). Similarly, depletion of MRN in
Xenopus extract does not significantly affect NHEJ effi-
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ciency (Di Virgilio and Gautier 2005). Until recently,
results obtained from mammalian systems have not been
consistent with a significant role for the MRN complex in
repair of DSBs by NHEJ. Indeed, MRN is not thought to be
part of the core NHEJ machinery in mammals (Weterings
and Chen 2008). NHEJ is composed of two pathways
called the classical or C-NHEJ pathway, which is error-free
and dependent on Ku and Xrcc4, and an alternative or A-
NHE]J error prone pathway, that is independent on Ku and
Xrce4 (Zha et al. 2009). A biological model often used for
these two pathways is the generation of immunoglobulin
diversity, as two important steps in this mechanism are V
(D)J recombination, which is dependent on C-NHEJ, and
class switch recombination (CSR), which depends equally
on C-NHEJ and A-NHEJ. In early 2009, two groups
demonstrated that Mrell and Nbsl have a role in V(D)J
recombination either in C-NHEJ (Helmink et al. 2009) or
A-NHEJ (Deriano et al. 2009). The role of Mrell and Nbs1
in A-NHEJ was observed when the V(D)J Rag2 nuclease is
defective. More recently, MRN was shown to be involved
in NHEJ during CSR in mice (Dinkelmann et al. 2009). In
fact, as recent evidence has emerged a more general role for
MRN in NHEJ, separate from its roles in V(D)J recombi-
nation, repair has arisen. Studies of repair of I-Scel
endonuclease-induced DSBs demonstrated that loss of active
MRN (achieved using either siRNA-mediated knockdown of
Mrell, Rad50, Nbs1 or CtIP, or by the inhibitor of the MRN
termed MIRIN) lead to defects in both C-NHEJ and A-NHEJ
in both human or murine cell lines (Rass et al. 2009; Xie et
al. 2009). Note that studies of the repair of dysfunctional
telomeres also demonstrated a role for MRN in NHEJ
mechanisms (Deng et al. 2009; Dimitrova and de Lange
2009). This role could be restricted to G1 cells as MRN
could also inhibit NHEJ in G2 cells (Dimitrova and de
Lange 2009). Taken together, these recent findings clearly
demonstrate the function of the Mrell complex in NHEJ as
previously reported in lower organisms (Zha et al. 2009).

The early function of the MRN complex, immediately
upon the generation of DSBs, places this complex at the
interface of choice between DSB repair pathways. This choice
also depends upon on other factors, including the presence of
a suitable template for HR (e.g. a sister chromatid), the cell
type and the specifics of regulation of the HR and NHEJ core
machinery (reviewed in Shrivastav et al. 2008). Importantly,
the balance between NHEJ and HR is also cell cycle
controlled by the activity of cyclin-dependent kinases
(CDKs), with the former being favoured in G1 and the later
in S/G2 in both budding and fission yeast (Aylon et al. 2004;
Ferreira and Cooper 2004; Ira et al. 2004).

The basis of cell cycle specific regulation of DSB repair
pathway is DNA processing as DSB resection is inefficient
when yeast cells are in the G1 phase of the cell cycle
compared to the G2 phase (Frank-Vaillant and Marcand
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2002; Ira et al. 2004). Indeed, CDK activity is known to
control the initial endonuclease step of DSB processing as
when CDK activity is inactivated in yeast cells in G2, DSB
processing is inhibited, and the MRX complex remains
bound to the break. In G1 phase yeast cells, when CDK
activity is low, DSB processing is inhibited by the NHEJ
machinery. In this case, NHEJ deficiency, particularly lack
of a functional Ku complex, allowed increased activation of
the G1 checkpoint in response to a single endonuclease-
induced DSB, and this correlated with the accumulation of
ssDNA (Barlow et al. 2008; Clerici et al. 2008). Bacterial
Ku has been recently shown to protect DSB from resection
by the nuclease AdnAB, an alternate resecting complex to
RecBCD in Mycobacteria (Sinha et al. 2009). Significantly,
the fact that resection and checkpoint activation observed in
the absence of the yeast Ku complex is not CDK-dependent
anymore suggests that Ku proteins might be directly
regulated by CDK to control DSB processing (Clerici et
al. 2008). Interestingly, in G1 yeast cells, IR generates
“ragged” DSB ends that presumably cannot bind the Ku
complex and that unlike endonuclease-induced DSB can be
resected although still less efficiently than in G2 cells.
However, Rad52 can only be recruited when cells enter S
phase, pointing at CDK regulation of HR proteins activity
as well (Barlow et al. 2008).

In yeast cells in G2, the Sae2 protein that modulates
MRX activity is tightly controlled. Remarkably, cell cycle
regulation of Sae2 and its orthologues, Ctpl/CtIP, is
evolutionarily very well conserved, being absent from G1
cells but present in the S and G2 phases (Baroni et al. 2004;
Limbo et al. 2007; Yu and Baer 2000). Noticeably, Ser267
of Sae2 has been identified as a CDK target site that is
necessary for Sae2 function as when mutated, cells display
defects in meiosis and HO resection (Huertas et al. 2008).
This site is also conserved in human CtIP and mutation of
the conserved site results in sensitivity to camptothecin and
impact on DSB resection during cell cycle in both yeast and
human cells (Huertas et al. 2008; Huertas and Jackson
2009). Importantly, as CDK inhibition has very little effect
on DSB resection when S267 of Sae2 is mutated indicates
that Sae2 is the main target regulating cell cycle-dependent
DSB resection. Finally, sae2 A cells have decreased HR and
enhanced NHEJ, whereas a Sae2 S267 phospho-mimic
mutant has the opposite phenotype (Huertas et al. 2008).
This suggests a major role for Sae2 in controlling MRX
activity in order to regulate the balance between HR and
NHEJ (Huertas et al. 2008). The role of CtIP in regulating
the balance between DSB repair pathways is conserved in
higher cells. Importantly, study in chicken cells has
demonstrated that two CDK phosphorylation events regu-
late this key function: one on S847 regulating DSB repair
and resection and the other on Ser 327 regulating the
interaction with BRCA1 (Yun and Hiom 2009).
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Current model for DSB signalling and conclusion

An updated simplified model presenting the early events of
the DDR involving the MRN complex is emerging from the
recent discoveries described in this review (Fig. 0).
Immediately after damage, MRN, possibly in association
with SOSS, is recruited to the sites of damage. The DNA
end binding activity of MRE11 and the ability of SOSS to
recognise short regions of unwound DNA presumably both
contribute to binding broken chromosome ends (Fig. 6b). It
is possible that the MRN complex may also dynamically

Fig. 6 The early events of DNA
damage response: When DNA
double strand break (DSB) a
form, they are often “dirty” with

nucleoprotein and nucleotide

adducts cross-linked to the DNA b
strands (a).The MRN (possibly
with SOSS) complex is imme-
diately recruited to the sites of
damage and secures DNA ends
(b). The MRN/CHIP is able to
perform the initial cleaning of
the ends, which generates short
oligonucleotides. Inactive ATM
kinase is recruited and activated
(¢). Active ATM phosphorylates
its downstream substrates such
as MRN and hSSB. The
signalling cascade is activated.
The MRN complex secures the
processed DNA (d). Further end
processing is performed by
nucleases and helicases (e).
RPA-ssDNA filament is formed,
and ATR-ATRIP are recruited to
the site of break (f)

interact with chromatin independently of DSBs in a
mechanism that is enhanced upon DSB-induced changes
in chromatin structure. Direct DNA end binding is probably
independent of this chromatin-dependent recruitment of
MRN to the vicinity of DSBs and is further enhanced by
sliding of the MRN complex along the broken DNA. This
allows multiple molecules to be bound directly at the DSBs
and through Zn** hook mediated Rad50-Rad50 interactions
bridges the broken chromosome arm together. Inactive
ATM is then recruited via NBS1 (Fig. 6¢). Note that in
undamaged cells ATM appears to exist in an inactive
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multimeric form that can be activated by alterations to
chromatin structure resulting from DNA damage or other
treatments. Meanwhile, the MRN complexes directly at the
broken ends of the chromosome, together with Sae2/CtIP,
are involved in processing (unwinding, resection, removal
of adducts and resolving DNA structures such as hairpins)
the DNA ends to form an early intermediate product, with
short, 3" ended ssDNA tails. The short oligonucleotides
generated contribute to ATM activation by mechanisms that
require further clarification. Activated ATM can now
phosphorylate its proximal targets (i.e. at the DSB), which
include NBS1 and H2AX (Fig. 6d). Phosphorylated H2AX
(YH2AX) results in the recruitment of additional DDR
factors including MDC1 and additional MRN complexes
into large focal structures, which appear to facilitate, rather
than be required for an efficient damage response.

The early intermediate generated by the MRN/CtIP-
dependent processing step is the substrate for recruitment of
EXO1, DNA2 and Sgs1/BLM, which rapidly process the
broken chromosome ends to generate long 3’ ended ssDNA
tails (Fig. 6¢). These are initially bound by RPA (Fig. 6f),
which recruits ATR for a second round of checkpoint
signalling, but subsequently, RPA is replaced by RADSI
(not shown) which initiates the search for homologous
DNA, usually on the sister chromatid, and commences
recombination. As resection proceeds, ATM gets inacti-
vated by the increased production of ssDNA and looses its
affinity for this increasingly resected DSB. ATM is then
replaced by ATR at the resected break via interaction with
RPA-ssDNA. The switch between ATM and ATR may also
involve TopBP1 and MRN (Yoo et al. 2009). Activated
ATR phosphorylates its downstream substrates, including,
importantly, Chkl. Together, these effectors regulate tran-
sient cell cycle delays and other biological response to
DNA damage.

We have learnt a lot about the structure and functions of
the MRN complex during the last decade. Fascinating
observations have enhanced our understanding of how this
structurally intriguing complex is involved in sensing DNA
damage, bridging broken chromosome ends and facilitating
DNA damage-dependent signalling and repair. Many ques-
tions have been answered and many remain to be addressed.
Possibly, the most interesting and challenging for future
studies will be the integration of all recent discoveries into
coherent mechanisms of MRN function. In addition, under-
standing the precise molecular details of how this important,
multifunctional player in the cellular responses to broken
DNA is regulated will remain challenging.
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