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Abstract
Genomes are subject to constant threat by damaging agents that generate DNA double-strand
breaks (DSBs). The ends of linear chromosomes need to be protected from DNA damage
recognition and end-joining, and this is achieved through protein-DNA complexes known as
telomeres. The Mre11-Rad50-Nbs1 (MRN) complex plays important roles in detection and
signaling of DSBs, as well as the repair pathways of homologous recombination (HR) and non-
homologous end joining (NHEJ). In addition, MRN associates with telomeres and contributes to
their maintenance. Here we provide an overview of MRN functions at DSBs, and examine its roles
in telomere maintenance and dysfunction.
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1. Introduction
DNA double strand breaks (DSBs) can be generated by chemical and physical damage
inflicted by ionizing radiation, select chemotherapy drugs, and metabolic byproduct reactive
oxygen species. DSBs can also result from errors during replication, and are produced by
programmed enzymatic activities during meiosis and V(D)J recombination. Regardless of
how they are generated, DSBs differ from all other types of DNA lesions in that the
sequence information requisite for guiding repair is no longer contained within a contiguous
duplex molecule. If left unrepaired, DSBs are among the most deleterious DNA lesions,
with the potential to generate chromosomal translocations, aneuploidy, and increased
incidence of malignancy. The importance and centrality of DSB repair pathways during the
course of evolution is demonstrated by conservation of the core components from yeast to
mammals. There are two major competing pathways for DSB repair: homologous
recombination (HR) and non-homologous end-joining (NHEJ). Although we do not fully
understand the regulation of pathway choice, the relative extent to which these two
pathways are employed depends on the cell type, the phase of the cell cycle in which the
DNA damage is encountered, and also varies between species [1,2].
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At least three distinct functionalities are required for repair of DSBs: detection of the
damage, an ability to control the cell cycle and transcriptional programs in response to the
damage, and mechanisms for catalyzing repair of the lesion. The Mre11-Rad50-Nbs1
(MRN) complex sits at the hub of the eukaryotic DSB response mechanism, and has
emerged as a crucial player in each of these three facets of DSB repair. This complex of
proteins acts as DSB sensor, co-activator of DSB-induced cell cycle checkpoint signaling,
and as a DSB repair effector in both the HR and NHEJ pathways [3–7]. The MRN complex
has also been found to associate with telomeres at the ends of linear chromosomes, where it
contributes to their maintenance. Since MRN promotes sensing and repair of DNA ends, its
presence at chromosome termini appears paradoxical. In this review, we first provide an
overview of MRN’s constituents, structure, catalytic activities, protein binding partners, and
signal transduction roles in the context of DSB repair within non-telomeric regions of the
chromosome. We then discuss the emerging roles of the MRN complex in telomere
maintenance and dysfunction.

2. The MRN Complex
Mre11, Rad50, and Xrs2 (the Saccharomyces cerevisiae homolog of vertebrate-specific
Nbs1) were first identified via screens for yeast genes involved in meiotic recombination,
and resistance to DNA damage induced by UV light and X-rays. Consistent with the nearly
identical phenotypes resulting from defects in these three genes, Ogawa and coworkers
demonstrated that Mre11, Rad50, and Xrs2 belong to the same epistasis group [8], and
subsequently these proteins were shown to associate physically with each other in both yeast
and mammals [9–11]. Here we describe specific features of each of the main components of
the complex.

Mre11
Mre11 is a highly conserved 70–90 kDa protein composed of an N-terminal Mn2+/Mg2+-
dependent [12] phosphoesterase domain, and two distinct C-terminal DNA-binding domains
[13,14] (Fig. 1A). Isolated Mre11 forms stable dimers [15] that possess a number
biochemical activities including: (i) intrinsic DNA binding activity [9,16,17] with the
specific ability to synapse DSB termini [15], and (ii) endo- and exonuclease activities
against a variety of single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA)
substrates [17,18]. While these nuclease activities contribute to both NHEJ [19] and HR
[20], it should be noted that Mre11 conspicuously lacks the 5′ → 3′ exonuclease activity
requisite for generating the long 3′ ssDNA overhangs necessary for HR. Although it has
possible that a protein-binding partner might switch the polarity of the exonuclease activity
of Mre11, it is more likely that Mre11 facilitates the activity of additional DSB processing
factors. In both yeast and mammals a number of 5′ → 3′ exonucleases have been identified
[12,21] that are capable of contributing to the generation of 3′ overhangs during HR, giving
weight to the idea that other enzymes act in concert with MRN [22].

In vivo, Mre11 exists in Mre112Rad502 “core” complexes where each Mre11 molecule
binds a single Rad50 (Fig. 1B). The Nbs1 or Xrs2 proteins bind this core complex via
interactions with Mre11 to give an overall stoichiometry of Mre112Rad502Nbs12, although
there is some discrepancy over the number of Nbs1 proteins bound to the MR complex
[11,23]. Supporting the importance of these interactions to MRN complex stability and
function, Mre11 mutations that destabilize the MRN complex result in significantly
decreased levels of Rad50 and Nbs1 in vivo [17,24], and knockdown of individual
components of MRN can produce decreases in the other two members [25]. In reconstitution
studies the addition of Rad50 enhances the affinity of Mre11 for DNA and stimulates its
nuclease activity, and this is further enhanced by the addition of Nbs1 [17].
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Rad50
Rad50 is a ~150 kDa protein displaying both sequence and structural homology to structural
maintenance of chromosome (SMC) family members that control the higher-order structure
and dynamics of chromatin. The N-terminal Walker A and C-terminal Walker B nucleotide
binding motifs stably associate with one another to form a bipartite ATP-binding cassette
(ABC)-type ATPase domain [26,27] that preferentially binds and partially unwinds dsDNA
termini [28]. The intervening ~575 amino acids form an anti-parallel coiled-coil that spans
~500 angstroms and terminates with a zinc-hook (CxxC) motif [29] (Figs. 1A–B).
Formation of the stable Mre112Rad502 core complex is achieved by each unit of the Mre11
dimer binding a Rad50 molecule at the intersection of its globular and coiled-coil domains
[27,28]. This results in a spatial juxtaposition of the DNA-binding/termini-unwinding
capacities of Rad50 with the DNA-binding, DSB tethering, and nuclease activities of Mre11
(Fig. 1B).

Independent of the Mre11-mediated dimerization of Rad50, biochemical analyses indicate
that isolated Rad50 is able to form robust dimers under certain conditions [30]. Consistent
with this, a crystal structure demonstrated that the globular ATPase/DNA-binding domains
from two Rad50 molecules can associate [26]. Importantly, this interaction is ATP-
dependent, with two ATP molecules getting sandwiched within the Rad50-Rad50 interface
(Fig. 1B). Hopfner and coworkers deemed ATP hydrolysis by this complex too inefficient to
support motor or helicase functions, and therefore proposed a “switch” function instead [26].
This “switch hypothesis” predicts that within the context of the Mre112Rad502Nbs12
complex, the two Rad50 molecules toggle between states in which their ATPase/DNA-
binding domains are associated or disassociated (Fig. 1B). Since ATP binding-induced
structural changes dramatically enhance the affinity of Rad50 for linear double stranded
DNA [26], an ATP binding/hydrolysis cycle may be a mechanism for modulating the length
of time the MRN complex remains bound to a substrate or product.

Scanning force microscopy has demonstrated that while the globular head of the
Mre112Rad502 complex associates with the termini of linear dsDNA, the two coiled-coil
regions of Rad50 are flexible “arms”, and project outward away from the DNA [28] (Fig.
1B). With increasing concentration, Mre112Rad502 complexes oligomerize at dsDNA
termini, where the coiled-coil arms of Mre112Rad502 complexes mediate interactions
between DNA termini [28] (Fig. 1C). Since this tethering of DNA termini was not observed
at lower protein concentrations where only a single Mre112Rad502 complex was associated
with a given DNA terminus, it was suggested that this may be a mechanism for achieving a
robust and specific DSB tethering effect through the use of multiple weak interactions [28].
Crystallographic studies subsequently demonstrated that it is the zinc hook of Rad50 that
mediates interaction between the coiled-coil arms of Rad50 molecules [29] (Fig. 1B).
Mutation of the zinc-coordinating cysteine residues of Rad50 resulted in significant DSB
repair defects in yeast, and complete replacement of the zinc hook with an FKBP
dimerization cassette mitigated this repair defect [31]. This suggests that the ability of
Rad50 molecules to bind one another via the distal terminus of their coiled-coil arms is
important for MRN function.

The available structural and functional data indicate that a major role of the MRN complex
is to mediate spatial juxtaposition of DNA molecules, and that this involves two distinct
modes of binding. In the current model, the Mre11 dimer facilitates short-range synapsis of
the two ends of a DSB, while Rad50 enables long-range tethering of two DNA molecules
(such as a broken chromosome and its sister chromatid) by dimerizing via its zinc hook (Fig.
1B) [15,29]. In its fully extended conformation, the zinc-mediated Rad50 dimer places the
two DNA molecules being bound by each Rad50/Mre11 globular head ~1200 angstroms
from each other [29]. Importantly, however, the coiled-coils of Rad50 are extremely
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flexible, suggesting that even while they remain tethered by Rad50 the sister chromatids
would be capable of achieving a tighter spatial proximity more conducive to homology-
mediated repair.

Nbs1
The third member of the MRN complex is Nbs1, a 65–85 kDa protein. Nbs1 consists of an
FHA domain and two adjacent BRCT domains at its N-terminus, in addition to an Mre11-
interaction domain at its C-terminus [32,33] (Figs. 1A–B). The FHA domain binds
phosphorylated threonine residues in Ser-X-Thr motifs present in DNA damage proteins,
including Mdc1 and Ctp1. The BRCT domains in human Nbs1 bind Ser-X-Thr motifs when
the serine residue is phosphorylated. These phospho-dependent interactions are important
for recruiting repair and checkpoint proteins to DNA breaks [32,33]. By virtue of its nuclear
localization signal and its interaction with Mre11, Nbs1 is responsible for translocation of
the MRN complex into the nucleus. This can be observed with Nbs1 mutants lacking the
Mre11-binding domain, which are themselves nuclear, while the Mre112Rad502 core
complex remains cytoplasmic [34].

Limited proteolysis of Nbs1 yields a stable N-terminal fragment and C-terminal degradation
products, suggesting that the FHA/BRCT core of Nbs1 is linked to Mre11 via a flexible
tether [33] (Fig. 1B). While Nbs1 stimulates the DNA binding and nuclease activities of the
MR complex [17], it does not itself possess a known enzymatic activity. Rather, Nbs1
contributes to DSB repair primarily by mediating protein-protein interactions at DNA
breakage sites. The central region of Nbs1 possesses several SQ motifs that are
phosphorylated by the ATM kinase as part of the DNA damage response. The C-terminus
also contains a domain that interacts with ATM and recruits it to DSBs [35,36], and is
required for the induction of apoptosis in response to damage [37].

3. MRN Mutations: Human Diseases and Mouse Models
In humans, hypomorphic mutations in the NBS1 gene result in Nijmegen breakage syndrome
(NBS) [38,39], a rare autosomal recessive disorder characterized by microcephaly,
immunodeficiency, and predisposition to cancer [40]. The most common mutation in NBS
patients is 657del5, which results in truncated proteins that partially maintain some functions
of the full length protein: a short N-terminal fragment that includes the FHA/BRCT domains
can be detected, and in some cell types there is also a 70 kD C-terminal fragment which is
capable of interacting with Mre11. Hypomorphic mutations in human MRE11 lead to ataxia-
telangiectasia-like disorder (A-TLD) [24], in which patients display ataxia and
neurodegeneration, resembling the phenotypes of ATM deficiency [41]. A single patient has
been reported with a hypomorphic mutation in RAD50, who exhibited phenotypes similar to
NBS [42]. Patients with NBS are prone to developing malignancies such as lymphoma and
leukemia [40], and somatic alterations in MRN may contribute more widely to
carcinogeneisis [43]. Cell lines derived from NBS and A-TLD patients have been valuable
in dissecting the functions of MRN and the consequences of compromised function.
Consistent with the involvement of MRN in cell cycle checkpoint signaling and DNA repair,
cells from patients with NBS and A-TLD display increased radio-sensitivity and are
defective for checkpoint activation [24,38].

Animal models of MRN defects have been useful in understanding the pathology of human
disease. Null mutations in members of the MRN complex lead to embryonic lethality in
mice, and therefore mouse models have been generated to mimic the hypomorphic
mutations identified in human. Models have been made for A-TLD (Mre11ATLD1/ATLD1)
[44] and NBS (by generating truncated proteins NBSΔb/Δb and NBSm/m, as well as a
humanized NBS syndrome mouse model hNBS657Δ5) [45,46]. In addition, insights have
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been gleaned from mice engineered to express either Nbs1 mutants lacking specific domains
[37,47] or the Rad50S hypermorphic mutation initially described in S. cerevisae (Rad50S/S)
[48]. While the disease phenotypes of these mouse models are less severe than those in the
corresponding human disorders, together with cell and tissue specific knockouts, they can
individually recapitulate various aspects of the human disease including immunodeficiency,
cancer predisposition, and germline and neuronal defects [46,49,50].

Immunological deficiency, including defects in both humoral and cellular immunity, is a
hallmark of human NBS. Specifically, human B-cells display decreased variability in IgG,
and IgA versus IgM subtypes, and an increased susceptibility to lymphogenesis. Conditional
mouse models with targeted deletion of NBS in B lymphocytes revealed that the decreased
immunoglobulin variability is due to a defect in class switch recombination (CSR) [51].
Since CSR requires repair of the DSBs induced as intermediates in the process, the basis for
CSR defects in MRN deficient cells is likely due to the functions of MRN in NHEJ,
although signaling defects could also contribute.

Cancer predisposition and chromosomal instability in NBS patients appears in the form of
lymphomas, particularly B-cell lymphomas. NBS, ATLD, and Rad50S/S mice display
increased tumorigenesis in a p53 null background, while Nbs1 heterozygotes are susceptible
to various types of cancers independent of p53 [46,52]. Cells derived from the model
animals are sensitive to ionizing radiation, defective for checkpoint activation and display
increased amounts of chromosomal aberrations [45,48,52,53].

Germ line defects in NBS patients include infertility and compromised sexual maturation.
The hNBS657Δ5 mouse recapitulates these effects when compared to littermate controls [46].
The male mice have smaller testes with histological degeneration, increased apoptosis, and
delayed appearance of germ cells. The adult female mice fail to breed and have small
ovaries devoid of oocytes. Analysis of meiotic chromosome spreads in oocytes at birth
reveals depletion in the diplotene stage, suggesting that Nbs1 is required for meiotic
progression. Analysis of meiotic events in mice harboring the hypomorphic Mre11 and Nbs1
mutations also revealed defects in synapsis of homologous chromosomes and crossovers,
and suggested that MRN contributes to normal sex-specific differences in meiosis [54].

Neurological defects are a hallmark of MRN mutation, with microcephaly and ataxia
observed in NBS patients, and neurodegeneration detected in A-TLD patients [55]. These
different neuropathies are probably reflective of the fact that the respective disease-causing
mutations differentially impact DNA damage signaling in the brain. Conditional disruption
of the murine ortholog of the human NBS1 gene in the mouse central nervous system (CNS)
causes ataxia, microcephally, cerebellar disorganization and disruption of the visual system
[50,56]. Although the hypomorphic NBS and A-TLD mice did not exhibit neurological
defects, when damage was introduced during development these mice displayed distinct
neurological phenotypes which were attributed to differential activation of an apoptotic
response [44,52,57]. The MRN complex is required for activation of the ATM-dependent
p53 apoptotic response either during neural development, or under conditions of DNA
damage [56,57]. NBS mice expressing the C-terminal domain of Nbs1 retain the ability of
Nbs1 to interact with Mre11 and ATM, and this is sufficient to activate an ATM-dependent
DNA damage response [35–37], which can lead to apoptosis during neuronal development
and result in microcephaly [57]. In contrast, A-TLD mice subjected to ionizing radiation do
not exhibit normal ATM signaling, p53 activation, and apoptosis. Therefore, accumulation
of mutations and genomic damage in these cells may be responsible for the
neurodegeneration seen in A-TLD patients [57].
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4. The Multiple Roles of MRN in DSB Repair
The MRN complex plays critical roles in pathways involved in DNA damage repair,
checkpoint activation, telomere maintenance, meiosis and DNA replication. As a prelude to
our discussion of MRN functions in telomere maintenance, here we focus on the activities of
the complex most relevant to detection and repair of DSBs. We refer the reader to excellent
recent articles that review additional aspects of MRN function in meiosis, replication and
checkpoint signaling [13,58–60].

MRN-mediated DSB Detection and Activation of Signal Transduction
Coordination of the DNA damage surveillance and repair systems functions to prevent
transmission of genetic mutations [61]. Sensors detect damaged DNA and activate protein
kinases that launch a network of signal transduction cascades that form the DNA damage
response (DDR) [62]. This network prevents an array of human diseases, and when
compromised it can lead to genomic instability and cancer [61]. The primary signaling
kinases are the ataxia telangiectasia mutated protein (ATM), the ATM and Rad3-related
kinase (ATR), and the DNA-dependent protein kinase (DNA-PK). When these DNA
damage kinases are activated they phosphorylate a specific serine residue of histone H2AX
at the breakage site and flanking chromatin [63,64]. Proteins involved in repair and
checkpoint activation subsequently accumulate at the DSB to form foci that are visible by
fluorescent microscopy. Post-translational modifications to histones and repair proteins
determines the temporal order of accumulation at the sites of damage [65,66]. Recruited
proteins are involved in signal amplification, chromatin modification, and repair of the DSB.
The kinase pathways induced by DSBs in human cells result in phosphorylation of more
than 700 different proteins, including the mediators Mdc1 and 53BP1, downstream
checkpoint kinases Chk1 and Chk2, and proteins with a diverse array of functions [67].
Signaling in response to DNA damage activates three distinct arrests to cell cycle
progression: the G1/S checkpoint prevents cells from entering S phase, the intra-S
checkpoint inhibits replication during S phase, and the G2/M checkpoint prevents damaged
cells from entering mitosis. Checkpoint activation can be accompanied by changes in
cellular transcription profiles and apoptotic death pathways.

The MRN complex plays a role very early in the DDR, acting as a sensor of DSBs [68]. It
has been demonstrated that mutation, knockdown, degradation, or mislocalization of MRN
components leads to defective ATM signaling [24,69–71]. In addition to being present
diffusely throughout the nucleus [72], a fraction of the MRN complex is also sequestered
within sub-nuclear compartments known as promyelocytic leukemia (PML) bodies [73].
Consistent with the role of MRN as a DSB sensor, the concentration of MRN components
remains constant throughout the cell cycle [72]. Immunofluorescence (IF) analyses indicate
that upon DSB formation, the MRN complex rapidly relocalizes from both the diffuse pool
and PML bodies to breakage sites [73,74]. MRN can be detected within these repair foci
using standard IF because hundreds, if not thousands, of copies of the protein complex
accumulate within the vicinity of the DSB [75]. Rapid recruitment of fluorescently labeled
Nbs1 has also been demonstrated in live human cells with DSBs generated by laser
microirradiation, which is restricted to small sub-nuclear areas [76]. Potential benefits of
such rapid detection are that it minimizes (i) the time that free DNA termini remain
vulnerable to non-specific degradation, and (ii) the amount of time that DSB termini are able
to diffuse away from one another. In the presence of multiple DSBs, this serves to maximize
the probability of MRN synapsing the two termini that were originally contiguous.

In undamaged cells, ATM exists as a homodimer that is incapable of phosphorylating its
substrates [77], presumably because dimerization occludes substrate binding. Upon
induction of DSBs by ionizing radiation ATM is recruited to DSBs, at least in part, via a
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direct interaction with a C-terminal motif in Nbs1 [35,36] (Fig 1A). This evolutionarily
conserved C-terminal region of Nbs1 may not be absolutely required for recruitment and
activation of ATM [37,47], since its loss appears to be compensated for by mediators such
as 53BP1 [78]. By monitoring laser micro-irradiation-induced DSBs in real time, it was
demonstrated that an MRN-dependent accumulation of ATM occurs within seconds [79].
This MRN-ATM interaction, which is optimal in the presence of dsDNA termini [35,80] and
is stimulated by Rad50-mediated melting of the duplex terminus [80], increases the effective
concentration of ATM in the vicinity of the DSB and also promotes the autophosphorylation
of ATM dimers [80]. Autophosphorylation of ATM at serine 1981 triggers dissociation of
the inactive dimer into kinase active monomers [77]. Autophosphorylation of ATM is
essential to the DSB response not only because of the subsequent dissociation to active
monomers, but also because it enables ATM to be retained at the breakage site [81]. The
S1981A mutant of human ATM, which forms dimers that cannot be activated via
autophosphorylation, is initially recruited to DSBs at a rate similar to that of wild-type ATM
but is released from the break [79], and is consequently incapable of catalyzing essential
downstream phosphorylation events [82].

At low doses of radiation the presence of functional MRN complex enhances activation of
ATM, although there are also MRN-independent mechanisms of ATM activation. Treatment
of cells with mild hypotonic solution or with the topoisomerase II inhibitor chloroquine,
both of which induce chromatin structural changes without inducing DSBs, triggers ATM
activation to a degree similar to that achieved by ionizing radiation [77]. Moreover, it was
recently shown that modification of chromatin structure by inhibition of histone deacetylases
can also activate ATM [83,84]. Activation of ATM via these types of chromatin
modification (in the absence of DSBs) results in ATM-mediated phosphorylation of p53
[77] but not of proteins such as Nbs1 or SMC1 that are integral to the DSB coping
mechanism [82]. This raises the possibility that upon DSB formation, ATM is actually
responding to a change in the higher order structure of chromatin. In addition to MRN, other
proteins recruited through ATM interactions, such as Tip60 [85], may contribute to ATM
activation and modification of chromatin at DSBs. Stimuli that alter chromatin and induce
ATM activation in the absence of DSBs may also involve additional ATM-binding proteins,
such as ATMIN, that could compete with Nbs1 [86].

In addition to recruitment of ATM and activation of it’s signaling, MRN also participates in
the early steps of end resection at DSBs (see below) and this leads to subsequent activation
of the ATR kinase [87]. Processing of DSBs is required to generate the substrates that lead
to ATM-dependent activation of the ATR kinase [88]. It is proposed that ATM activation
leads to resection of the blunt DNA ends at breaks [87], and that production of single-
stranded tails transforms the ends from ATM substrates into ATR substrates [88]. In support
of this model, the nuclease activity of Mre11 has been shown to contribute to ATR
activation in a mouse model [89]. In response to other types of DNA damage, functional
MRN complex also promotes ATM-independent activation of the ATR kinase, although the
mechanism by which this occurs is not clear [25,90–93]. It has also been shown in Xenopus
extracts that MRN-dependent processing of DSBs leads to the accumulation of short single-
stranded DNA oligonucleotides that stimulate ATM activity [94], and these could have
relevance for ATR signaling.

Activation of ATM and ATR at DSBs initiates a signaling network that (i) provides
regulation of the cell cycle (via the protein kinases Chk1 and Chk2) [95], (ii) promotes
chromatin remodeling that is necessary for allowing the repair machinery access to the
lesion [81,96], and (iii) contributes to the recruitment and retention of additional proteins
responsible for repairing the break. The DSB-induced signaling cascade that mediates
checkpoint activation and lesion repair involves a large number of proteins and post-
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translational modifications (phosphorylation, acetylation, methylation, ubiquitinylation,
sumoylation) that have been recently reported and reviewed elsewhere [66,85,95,97–100].

Repair Pathway Selection: HR versus NHEJ
The relative extent to which DSBs are repaired via HR versus NHEJ varies among different
species and cell types. In yeast and the simpler eukaryotes, which possess compact genomes
and a relative paucity of repetitive sequences, HR makes a greater contribution to DSB
repair. However, in mammals, where intergenic regions are larger and repetitive regions
more abundant, it has been suggested that NHEJ is faster and more efficient [101]. This
predisposition towards NHEJ in mammals may reflect the fact that gross chromosomal
rearrangements can arise if the wrong region is utilized during HR, in a templating molecule
containing multiple regions of repetitive sequence [102]. Although a given organism may
display a general preference for HR or NHEJ, the extent to which each pathway is employed
temporally fluctuates depending on the phase of the cell cycle [103].

There are multiple HR sub-pathways [104], but the defining feature of HR in mitotic cells is
that it utilizes the sister chromatid to guide repair of a DSB during the S and G2 phases of
the cell cycle [2]. In meiotic cells, HR utilizes either the homologous chromosome or the
sister chromatid to guide repair during the first and second meiotic divisions, respectively
[105]. During HR, exonucleolytic processing generates long 3′ ssDNA overhangs on each
side of the DSB which invade and base pair with the homologous regions of the intact sister
chromatid (or homologous chromosome), and prime DNA synthesis [22]. Resolution of this
crossed over complex yields two intact chromosomes of identical sequence, ensuring high
fidelity during the HR repair process.

In contrast to HR, NHEJ is suppressed during meiosis and is mainly employed during the
G0, G1, and early S-phases of the mitotic cell cycle, when sister chromatids are not present
to guide repair [1]. During NHEJ the ends of the break are joined irrespective of their
sequence, and this pathway is therefore inherently error-prone. In NHEJ repair the two
termini of the DSB are either directly ligated in classical NHEJ (C-NHEJ), or distal regions
of microhomology (consisting of 1–4 nucleotides) on each side of the DSB are utilized to
align the fragments prior to ligation during the alternative NHEJ (A-NHEJ) pathway (Figs.
2A and 2B). In both types of NHEJ, processing of the termini via nuclease-mediated
removal of nucleotides or polymerase-mediated gap filling may be employed. This ability to
repair DSBs whose termini display little or no homology is both the strength and the
weakness of NHEJ, in that a lethal DSB is traded for a small deletion or insertion. In the
presence of multiple DSBs, NHEJ repair can give rise to gross chromosome rearrangements,
such as inversions and translocations [106], because there is no mechanism for determining
which of the multiple DNA termini were originally contiguous.

Resection at DSBs plays a central role in determining the outcome of the competition
between HR and NHEJ. During the S and G2 phases of the cell cycle, DSBs are resected to
give extensive 3′ ssDNA overhangs on each side of the break [87,107,108]. This serves to
generate a substrate for the HR-specific ssDNA-binding factors RPA and Rad51, and thus
ensures that the DSB will be repaired via HR [106]. It also reduces the efficiency of NHEJ
because the NHEJ-specific DNA termini binding factor Ku70/80 has poor affinity for
ssDNA [109]. In contrast, during the G0 and G1 phases, when sister chromatids are not
present to facilitate HR, the cellular DSB resection activity is downregulated [110], which
gives the NHEJ machinery opportunity to bind and process the break.
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The Contribution of MRN to Repair Pathway Selection
The MRN complex, via its DNA end-processing activities, plays a pivotal function in
initiating the processes that direct a DSB down the most appropriate repair pathway
[22,106]. Although the MRN complex plays a key role, it is not sufficient and requires
collaboration with other factors. The exonuclease activity of Mre11 in vitro operates in the
opposite polarity to that required for HR resection in vivo. This has prompted several groups
to search for additional factors that work with MRN to facilitate DSB processing. In budding
yeast S. cerevisiae the Sae2 protein is required in conjunction with MRX for processing
meiotic DSBs and promoting resection [111]. Sae2 has been suggested to be an
endonuclease that cooperates with Mre11 to cleave certain DNA structures [112] and
process covalent protein-linked DSBs [113]. Ctp1 in the fission yeast S. pombe [114] and
CtIP in human cells [115,116] have been proposed to be functional counterparts of Sae2 for
resection and repair pathway choice. Human CtIP undergoes DSB-induced phosphorylation,
localizes to DSB repair foci, directly binds the MRN complex, and catalyzes or confers upon
MRN the ability to catalyze 5′ → 3′ resection at DSBs [117]. By binding to DSBs after
ATM activation, CtIP appears to facilitate the transition from DSB sensing to end-
processing [118]. CtIP depletion results in attenuated recruitment of RPA and ATR to
damage induced by laser micro-irradiation [116]. Since RPA binds the extensive 3′ single-
stranded overhangs generated by DSB resection, and ATR is the protein kinase that signals
the presence of ssDNA, these data were used to suggest that CtIP is integral to the DSB
resection process [116]. This is consistent with the reduction in HR frequency observed with
CtIP depletion. Simultaneous depletion of both CtIP and Mre11 reduces HR frequency to
the same degree as CtIP depletion alone [116], suggesting that these proteins function within
the same pathway. In further support of this, deletion of the C-terminal region of CtIP that
mediates its interaction with MRN abrogates the ability of CtIP to promote ssDNA
formation [116]. Important questions remain relating to the specific role played by MRN/
CtIP during the DSB resection step of HR in mammalian cells. Human CtIP shares only a
very small stretch of homology with Sae2 and it has not yet been demonstrated whether CtIP
has nuclease activity.

After initial processing by a complex containing MRN and CtIP, further resection by the
combined action of other helicases and nucleases generates the large regions of ssDNA
required to complete the HR pathway [22,106]. In S. cerevisiae, MRX/Sae2 catalyzes the
initial removal of a few hundred nucleotides from a DSB [119,120] and subsequently the
processive 5′ → 3′ ExoI exonuclease or the Dna2 exonuclease (in conjunction with the Sgs1
helicase) continue resection to give kilobase-sized 3′ ssDNA overhangs [119,120]. DSB
resection in vertebrates likely proceeds via a similar mechanism where resection is initiated
by MRN/CtIP and then completed by ExoI in conjunction with the BLM helicase [121].
Upon DSB induction, specific damage signals propagate outwards from the break along
chromatin, raising the possibility that it is these modifications (and the resultant alteration of
chromatin structure) that restrict the MRX/Sae2- and ExoI-mediated phases of resection to
~100 nucleotides and ~2–3 kb, respectively.

The mechanisms responsible for the cell cycle dependence of the DSB resection activity are
starting to come into focus. The ability to direct DSBs towards HR during S/G2 but not
during G1 appears to be rooted in both the cellular concentration of CtIP and its
phosphorylation state [117]. Consistent with CtIP’s role in the DSB resection step of HR,
and the minimally detectable DSB resection activity seen in G1 extracts, CtIP is barely
detectable during G0/G1 but displays maximal concentration during S/G2 [122]. A similar
situation is seen for the S. pombe Ctp1 protein [114]. In chicken cells, phosphorylation of
CtIP specifically in S/G2 is essential for it’s function in the DSB resection step of HR [123].
It has recently been shown in S. pombe that recruitment of Ctp1 by the N-terminus of Nbs1
involves phosphorylation [33] and CK2 has been suggested to mediate this phospho-
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dependent interaction [124]. Phosphorylation may also play a role in recruitment of CtIP in
humans [115] and Sae2 in budding yeast [125], and in both cases phosphorylation mediated
by CDK provides an explanation for the cell-cycle control of DSB resection.

The extensive repertoire of structural and catalytic functions attributed to MRN is utilized
differently within the HR and NHEJ pathways. The initial contribution of MRN to HR is
that of DSB sensing. In contrast, a unique set of NHEJ proteins are employed for detecting,
synapsing, and processing DSBs. Similar to MRN, these NHEJ repair factors are present and
active throughout the cell cycle [126]. It is presently unclear how MRN out-competes the
NHEJ machinery for its place at DSB termini during the S and G2 phases of the cell cycle.
A significant body of data indicates that Ku suppresses HR [127–129] and reduces DSB
resection during HR [130], while loss or mutation of Ku increases the frequency at which
DSBs are processed via the HR pathway [131]. These data support a model in which Ku and
MRN, simultaneously present throughout the cell cycle, compete for DSB termini. This
raises the issue of whether the initial DSB binding event is completely random or
alternatively whether there are mechanisms that promote Ku binding during G1 and MRN
binding during S/G2. If MRN binds a DSB during G1, 5′ → 3′ resection is prevented by
both the phosphorylation state and low concentration of MRN-associated CtIP. Whether an
analogous mechanism for suppressing NHEJ if Ku binds a DSB during S/G2 remains to be
determined. If Ku or MRN bind a DSB during an “inappropriate” phase of the cell cycle,
having a mechanism in place for actively removing them would appear to be important.
Indeed, it was recently shown that removal of Ku from an unrepaired DSB is dependent on
functional MRN, and requires the ATP-binding function of Rad50 [132].

Repair Functions of MRN in HR and NHEJ
The crystal structure of the Mre11 dimer bound to two DNA termini suggests that a single
MRN complex spatially juxtaposes the ends of a broken chromosome [15] (depicted in Fig.
1B). While this short-range tethering (i.e. synapsis) function could conceivably be useful in
NHEJ, where termini undergo minimal processing prior to ligation, it is not obvious that this
would be beneficial to HR where DNA ends are resected to give expansive tracks of ssDNA.
It is unclear whether DSB termini must be synapsed in order to initiate HR 5′ → 3′ resection
or whether the termini can be bound and resected independently of one another.

Although Mre11 endows the MRN complex with both ssDNA endonuclease and dsDNA 3′
→ 5′ exonuclease capabilities, these nuclease activities do not have equal importance during
HR. Williams and coworkers identified point mutations that abrogate either the exonuclease
activity or both the exo- and endonuclease activities of Mre11 [15]. Studying these mutants
in S. pombe indicates that while 3′ → 5′ exonuclease activity is dispensable for HR, loss of
endonuclease activity results in a severe HR defect approaching that observed for Mre11
knockout [15]. IR is capable of producing DSBs in which the 3′ moiety does not contain the
3′-hydroxyl necessary for polymerase-mediated extension after strand invasion/base pairing.
Therefore, the 3′ → 5′ exo activity of Mre11 would appear to be ideal for removing these 3′
“blocking groups”. The dispensability of the 3′ → 5′ exonuclease activity of Mre11 in this
experiment suggests that either (i) the assay is not sensitive enough to detect defects in
processing these 3′ blocking groups, which may be present in only a fraction of IR induced
DSBs, (ii) that the endonuclease activity of Mre11 can be utilized for cleaning up 3′ termini,
or (iii) that a different nuclease is employed in these situations. Evidence from a nuclease
deficient Mre11 mouse model (Mre11H129N/Δ) suggests a role for the nuclease activity in
early events at DSBs during HR in higher eukaryotes [89].

Initial analyses of the importance of MRN to NHEJ produced conflicting results [133,134],
but emerging data have now firmly established roles for MRN in both C- and A-NHEJ. In
C-NHEJ, broken termini are initially bound by the ring-shaped Ku70/Ku86 heterodimer.
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These Ku-bound termini recruit and activate the DNA-dependent protein kinase catalytic
subunit (DNA-PKcs), which phosphorylates repair factors and checkpoint proteins in a
manner analogous to, but distinct from, that of ATM during HR [135,136]. While Ku and
DNA-PKcs mediate synapsis of the two DNA termini, the Artemis nuclease cleans up the
termini via both endo- and exonuclease activities [137,138]. Finally, the XRCC4-DNA
ligase 4 complex associates with the terminal complexes and catalyzes sealing of both
strands. C-NHEJ, also known as direct end-joining, is carried out with minimal processing
of the DSB termini prior to ligation (Fig. 2A). In the absence of C-NHEJ factors such as
XRCC4, Ku, and DNA-PKcs, the recently described alternative A-NHEJ pathway becomes
more prevalent. A-NHEJ involves modest resection of DSB ends (<100 nucleotides) until
regions of microhomology are encountered which can guide reattachment of the DNA ends
(Fig. 2B). Multiple groups have demonstrated that deletion of the XRCC4 gene both
decreases the efficiency of NHEJ and causes a shift from usage of C-NHEJ to utilization of
A-NHEJ instead [5,7]. Sequencing the joints of repaired molecules can determine which
pathway has been employed. Recent studies show that siRNA-mediated knockdown of
Mre11 results in reduced end-joining efficiency in both XRCC4+/+ and XRCC4−/−

backgrounds [4,5]. This indicates that MRN functions in both the C-NHEJ and A-NHEJ
pathways. The function of MRN in NHEJ appears to be independent of ATM signaling since
these results can be reproduced in the presence of a chemical inhibitor of ATM [5].

Although C-NHEJ is used predominantly in an XRCC4+/+ background, imprecise (i.e.
deletion-prone) microhomology-mediated A-NHEJ products are also detected. Depletion of
Mre11 in a mouse ES XRCC4+/+ background reduces the frequency at which DSBs are
repaired using microhomology, suggesting that Mre11 facilitates resection in the search for
microhomologies distal to the break [5]. Nuclease-dead mutants can be used to determine
whether the role of Mre11 in this C-NHEJ-competent background is due to tethering versus
resection activities. In C-NHEJ-competent S. cerevisiae, end-joining defects associated with
Mre11 deletion can be rescued by nuclease-defective Mre11, indicating a structural rather
than catalytic function for yeast Mre11 in this context [139]. When the C-NHEJ system is
compromised, as in the mouse ES XRCC4−/− background, knockdown of Mre11 results in a
decrease in the length of resection tracks prior to end-joining [5]. Whether Mre11 is itself
catalyzing resection in the search for microhomology or is simply facilitating this process
has not been determined. Depletion of CtIP in asynchronous SV40 transformed human
fibroblasts causes a significant decrease in end-joining efficiency [4], consistent with a
facilitative role for MRN. These recent studies indicate that in contrast to the situation with
HR, knowledge of the roles of MRN in NHEJ is just beginning to take shape. Among the
important questions that will need to be addressed are how MRN facilitates repair, why it is
not sterically occluded by the presence of the NHEJ machinery, and what the specific roles
of Mre11 (and other nucleases) are in resection prior to end-joining.

5. MRN in Telomere Maintenance and Dysfunction
The evolutionary transition from circular to linear chromosomes brought with it two new
challenges to genome stability. The first of these, known as the “end replication problem”,
relates to the loss of nucleotides from the 5′ terminus of the lagging strand after every round
of DNA replication. The second challenge to genome stability associated with linear
chromosomes is that of preventing the chromosome termini from being recognized and
processed as DSBs. The specialized repetitive sequences and protein-DNA complexes that
comprise telomeres function both to maintain the chromosome ends and to provide
protection from the DNA repair machinery.

Removal of the RNA primers from lagging strand Okazaki fragments results in a gap of
missing nucleotides at the 5′ terminus, which cannot be filled by DNA polymerases due to
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the strict 5′ → 3′ polarity of their synthesis activity. Consequently, in the absence of a
prophylactic mechanism, continuous cycles of replication would cause the genomes of
individual organisms to grow progressively shorter and genes would be lost [140]. The
addition of telomeres, non-coding repetitive DNA sequences, to the termini of chromosomes
overcomes this problem. Telomerase, a specialized reverse transcriptase that carries its own
RNA template, synthesizes telomeres of sufficient size to ensure that genetic information is
not lost due to the end replication problem. After telomerase has synthesized a guanine-rich
3′ single stranded extension (composed of TTAGGG repeats in humans) at the chromosome
terminus, the cytosine-rich complementary strand is synthesized by traditional semi-
conservative replication. In yeast, telomerase is active at each round of DNA replication,
thereby ensuring that telomere length maintains a steady state. In contrast, during vertebrate
development and within stem cell populations, telomerase synthesizes telomeres with a
length that is sufficient to sustain numerous future replication cycles. Since telomerase is
inactive in somatic cells, telomeres grow progressively shorter over time until they reach a
critical length, at which point cell senescence or apoptosis is triggered. Vertebrate telomeres
therefore provide a solution to the end replication problem in a temporally finite manner.
This brings the added benefit of tumor suppression, in that unchecked cellular replication
associated with cancer is thwarted when these cells reach their critical telomere length.

Throughout Eukarya, telomeres are bound by specific proteins that sequester the free
chromosome termini within a nucleoprotein cap [141]. In higher eukaryotes these same
telomere-binding proteins additionally promote the formation of a unique lariat-like
structure called the “t-loop”, which provides a second layer of protection from the DSB
repair machinery [140,142]. Critical to t-loop formation is the generation of a 3′ single-
stranded overhang (termed the “G-overhang” because it is present on the G-rich strand of
the telomere) at each chromosome terminus. Since the newly synthesized lagging strand is
missing a portion of its 5′ terminus, a short 3′ G-overhang (~10 nucleotides) is inherently
present at this end of a newly synthesized chromosome. In contrast, leading strand synthesis
generates a blunt chromosome end. In higher eukaryotes both this blunt end and the short G-
overhang at the opposite chromosome end are processed by an unknown nuclease to
generate mature G-overhangs 50–300 nucleotides in length [140]. Folding each chromosome
terminus back upon itself enables the G-overhang to invade and base pair with the
complementary strand (analogous to what occurs during HR), giving rise to the t-loop lariat
(Fig. 3). Although G-overhangs are also present at telomeres in S. cerevisiae, they are only
12–14 nucleotides in length [143] and t-loops have not been observed. Regardless of
whether or not t-loops are employed, the importance of sequestering telomeres into
nucleoprotein caps is made clear by the fact that cap disruption can result in shortening or
lengthening of telomeres, telomere fusion, telomere loss, elevated levels of recombination,
and checkpoint activation [144].

In vertebrates stabilization of telomeres and formation of the t-loop are facilitated by the
shelterin complex, which consists of the following six proteins: Telomeric Repeat-binding
Factors 1 and 2 (TRF1 and TRF2), repressor and activator protein 1 (RAP1), TRF1-
interacting nuclear protein 2 (TIN2), protection of telomeres 1 (POT1), and TIN2- and
POT1-interacting protein (TPP1) [141]. Whereas TRF1 and TRF2 bind the double-stranded
region of the telomere, POT1 has affinity specifically for the single-stranded G-overhang
(Fig. 3). TIN2 bridges TRF1 and TRF2, while TPP1 bridges TIN2 and POT1. RAP1 is
recruited to telomeres via its interaction with TRF2 [140]. Details regarding the vertebrate
shelterin complex, its homologs in other organisms, and other facets of telomere structure
and function are examined elsewhere in this issue.

The importance of the MRX complex for normal telomere maintenance was first recognized
many years ago when deletion or disruption of S. cerevisiae Rad50 [145], Mre11, or Xrs2
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[146] were reported to result in shortened telomeres and cell senescence [147]. Lundblad
and coworkers subsequently demonstrated MRX to be in the same S. cerevisiae epistasis
group as telomerase [148]. Consistent with this notion, S. cerevisiae MRX associates with
telomeres in late S-phase [149] when yeast telomeres are synthesized, and in the absence of
functional MRX the single-stranded telomeric DNA binding protein Cdc13 is unable to bind
to telomeres [149,150]. Multiple groups have independently demonstrated that in both S.
cerevisiae and S. pombe telomere length [151] and the specific formation of G-overhangs
[149,152] are unaffected by the nuclease-inactivating D56N or H125N mutations of Mre11.
Moreover, telomerase-mediated replication of telomeres is defective in Mre11 null cells but
not in the Mre11-D56N or Mre11-H125N backgrounds [153]. Targeting S. cerevisiae
telomerase to telomeres via fusion with Cdc13 overcomes telomere maintenance defects
resulting from a non-functional MRX complex [153]. Collectively, these observations
suggest that MRX facilitates the recruitment of telomerase to telomeres. Consistent with
this, in S. cerevisiae the specific recruitment of telomerase to telomeres during the S phase is
abolished by the absence of Mre11 [149]. While the MRX-mediated recruitment of yeast
telomerase to telomeres could involve a direct interaction between these proteins, it could
also simply be a consequence of MRX promoting the processing of telomeres into a form
suitable for telomerase sequestration. Considering the well established role of MRX as a
promoter of 5′ → 3′ resection at DSBs, the specificity of Cdc13 for ssDNA, and the affinity
of Cdc13 for telomerase, it is tempting to speculate that MRX works with Sae2 to generate
short 3′ overhangs that are bound by Cdc13 and subsequently recruit telomerase.

The first indication that MRN may also contribute to telomere maintenance in higher
eukaryotes was the identification of Nbs1 and Mre11 sequestered at telomeres in meiotic
human fibroblasts [154]. It was subsequently shown that MRN specifically associates with
the TRF2 component of shelterin, and that Nbs1 accumulates at telomeres in S phase but not
during G1 or G2 [155]. Since TRF2 does not associate with ionizing radiation induced
DSBs, this interaction appears to occur exclusively within the telomere micro-environment.

Cultured human NBS fibroblasts display shortened telomeres. In these cells, the
coexpression of Nbs1 along with telomerase results in longer telomeres than the expression
of telomerase alone [156]. This suggests that, analogous to the situation in yeast, human
MRN facilitates telomerase activity at telomeres. Further supporting this notion, knockdown
of Mre11 or Nbs1 in cultured human cancer cells specifically reduces the length of 3′ G-
overhangs, but has no effect in cells that do not express telomerase [157]. Collectively, these
data demonstrate that MRN facilitates the action of telomerase at chromosome termini in
mammalian cells. Whether MRN facilitates telomerase activity by modifying telomere ends,
opening up the t-loop, altering chromatin structure, or by directly associating with
telomerase remains to be determined. In telomerase-negative primary human cells,
chromatin immuno-precipitation revealed that Mre11, phosphorylated Nbs1, and ATM were
bound to telomeres in the G2 phase of the cell cycle [158]. This study suggested that
telomeres become accessible in G2 and are recognized as DNA damage. A localized DNA
damage response at telomeres may therefore be required for recruiting the processing
machinery that is responsible for formation of the end protection complex.

Telomeres can be rendered dysfunctional by removal of the telomere DNA binding protein
TRF2 from the shelterin complex. These “uncapped” telomeres are recognized as DSBs, and
result in ATM activation, phosphorylation of Chk2 and H2AX, the formation of 53BP1-
associated telomere-induced DNA damage foci (TIF), and NHEJ-mediated chromosome
fusion [159]. The role of MRN at dysfunctional telomeres has recently been studied in
embryonic fibroblasts derived from mice harboring MRN mutations and deletions,
combined with TRF2 removal by conditional deletion or shRNA knockdown [160–162].
These studies demonstrate that MRN is required for ATM signaling in response to telomere
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dysfunction. When TRF2 levels are depleted by shRNA, ATM activation and TIF formation
are reduced in the Mre11Δ/Δ null background but remain robust in the nuclease deficient
Mre11H129N/Δ background [162]. This suggests that the MRN complex functions to detect
and signal the presence of dysfunctional uncapped telomeres, and that this capability does
not depend on the Mre11 nuclease activity.

Studies of dysfunctional telomeres performed in TRF2 deficient cells, have revealed a
complex role for MRN in telomere fusion by NHEJ. Depending on the stage of the cell cycle
and the specific structure of the telomere terminus, MRN can either promote or suppress the
NHEJ-mediated fusion of dysfunctional telomeres. Conditional double-knockout of Nbs1
and TRF2 results in abrogated fusions in G1, due to defects in ATM-dependent signaling
[161]. Although in G1 the MRN complex may promote NHEJ, the role of MRN after
replication in G2 appears to be very different [161], and here the ability of MRN to promote
end-to-end chromosome fusions at uncapped telomeres depends on Mre11’s nuclease
activity [162]. In another study employing TRF2 knockdown cells, the number of
chromosome fusions in the Mre11Δ/Δ and Mre11H129N/Δ backgrounds was 15-fold lower
than that observed in an Mre11 active background [162]. To test whether Mre11 promotes
NHEJ of TRF2-uncapped telomeres by removing the 3′ G-overhang, an in-gel hybridization
assay was employed. In contrast to cells with functional Mre11 where the 3′ overhang is
rapidly degraded, in Mre11Δ/Δ and Mre11H129N/Δ cells the overhang persists [162]. This
suggests that the Mre11 nuclease activity is required for processing of 3′ overhangs to allow
efficient NHEJ of telomere ends when rendered dysfunctional by TRF2 removal. An
especially illuminating finding of these TRF2-uncapped telomere studies was that even
though they occurred much less frequently, telomere-telomere fusions still occurred in the
absence of functional MRN [160–162]. Importantly, the majority (~90%) of these residual
telomere fusions involved the leading strands of sister chromatids. In the Mre11H129N/Δ

background only ~60% of telomere-telomere fusions involved the leading strands of sister
chromatids [162]. The authors suggested that this can be explained by the structural
differences between telomere termini generated by leading versus lagging-strand replication.
Leading-strand replication generates a blunt-ended telomere terminus that can readily be
fused via NHEJ without prior nuclease processing. In contrast, lagging-strand replication
generates a 3′ telomeric overhang, which is incompatible with DNA ligation [159] and
would therefore require nuclease processing prior to fusion. Thus, within a TRF2 deficient
background the MRN complex appears to prevent the fusion of newly replicated leading
strand telomeres by promoting 5′ end resection to give NHEJ-incompatible 3′ overhangs. It
will be interesting to determine the extent to which CtIP and other end-processing factors
are involved here.

The cellular response to dysfunctional telomeres is in many ways similar to the response
induced by non-telomeric DSBs. In both of these contexts MRN is required for ATM
activation, and many of the factors that accumulate at ionizing radiation-induced foci (IRIF)
also accumulate at TIF. Moreover, both damage-induced DSBs and dysfunctional telomeres
can lead to the same signaling pathways, cell cycle arrest, and apoptosis [163,164].
Differences between damage-induced DSBs and uncapped telomeres include (i) the fact that
TRF2 suppresses ATM activation only within the telomere microenvironment since it is
abundant at chromosome ends but not elsewhere in the nucleus [165], and (ii) DNA
processing is not required for the ATM-mediated damage response at telomeres [159].

6. MRN and Exogenous DNA
In addition to the situation at the termini of linear eukaryotic chromosomes, the issues of end
recognition and protection also emerge when exogenous extra-chromosomal DNA is
encountered in the nucleus. For example, when the genome of a linear DNA virus is
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delivered to the nucleus of an infected cell it may be perceived as a DSB, and therefore has
the potential to trigger the endogenous DNA damage response [166]. Some viruses have
therefore evolved elaborate schemes to ensure that detrimental processing of their genomic
termini does not take place during viral replication. In addition to its role as a sensor of
cellular DNA ends, the MRN complex has emerged as a detector of viral genomes, with a
central role in the cellular response to viral DNA [166]. This ability of the MRN complex to
detect DNA ends can be either beneficial or detrimental to the virus lifecycle.

One of the first examples of a virus that interacts with the MRN complex came from the
dsDNA virus Adenovirus. It has been suggested that one way the linear Adenovirus genome
is protected is through virally-encoded proteins that induce the degradation and
mislocalization of components of the cellular DNA damage machinery, including the MRN
complex [167]. Mutants of Adenovirus unable to attenuate functions of the MRN complex
are defective in viral replication and progeny production [168–171]. One phenotype of these
mutant viruses is that the viral genome is ligated into concatemers through end-to-end
joining in a process that requires both MRN and NHEJ factors [167,172]. During infection
with Adenovirus mutants unable to inactivate the MRN complex, the cellular DNA damage
signaling responses are also activated [69]. Attenuation of signaling and checkpoint
activation by viral proteins that degrade or mislocalize MRN demonstrated upstream
functions of this complex in both ATM and ATR signaling pathways [69,90]. The termini of
the Adenovirus genome are also protected by a covalently-attached, virally-encoded
terminal protein, which is important for initiation of viral DNA replication. We have
suggested that removal of this protein from the end of the viral genome is analogous to
removal of Spo11 from DSBs during meiotic recombination [167], and we propose that the
combined action of the MRN complex together with CtIP is required for processing of the
protein-blocked ends.

Beyond Adenovirus, the MRN complex has been implicated in the response to many
different viruses [166]. It is found at viral replication centers during the early stages of SV40
infection, and components of the complex may be specifically downregulated late during
infection in an ATM-dependent manner [173]. Nbs1 was shown to interact with the SV40
encoded T-antigen, leading to the discovery that Nbs1 can suppress rereplication of genomes
during S phase [174]. The MRN complex is also found at virally-induced replication centers
in the nuclei of cells infected by many different viruses. For example, MRN is present
within the globular compartments formed during HSV-1 infection, and in this example
Mre11 is beneficial to the early stages of viral replication [175]. There is also evidence that
MRN may be downregulated late during HSV-1 infection, similar to the scenario with SV40
[176]. In addition to activation of signaling in response to viral genetic material, the MRN
complex also plays a role in circularization, episomal maintenance and integration of viral
genomes. These studies of the MRN complex in the context of virus infection have revealed
its role as part of an anti-viral defense and have highlighted ways in which cellular repair
pathways can be exploited by invading genomes [166].

7. Conclusion
The MRN complex sits at a central position in a complex network that senses, signals, and
ultimately facilitates repair of DNA damage. It has crucial roles as a sensor of DSBs, and in
activating the signal transduction cascades that lead to cell cycle checkpoints. It also plays
pivotal roles in regulating repair pathway selection, as well as the actual DNA repair
processes of both NHEJ and HR. A better understanding of the activities of this multifaceted
complex will explain the requirements for maintaining genomic integrity, and the
malignancies that arise in patients with genome instability disorders. This will also open up
new opportunities to consider chemical ways to disrupt specific branches of the pathways
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controlled by MRN, and in this way sensitize tumor cells to DNA damaging cancer
therapeutics. A forward chemical genetic screen has already identified an inhibitor of MRN
that prevents MRN-dependent activation of ATM, the G2/M checkpoint, and homology-
directed repair in mammalian cells [177].

The equilibrium between telomere function and dysfunction depends on a large number of
factors, and the roles of MRN in this balance are only just beginning to be elucidated. While
MRN can promote telomere function by recruiting telomerase to properly capped telomeres
and by preventing the fusion of newly replicated leading strand telomeres, it can also
exacerbate telomere dysfunction by degrading the G-overhang and thereby promoting
telomere fusion. The dual functions of MRN in DNA processing and activation of damage
signaling, are evident in its response to both genomic DSBs and telomeres. The importance
of MRN to telomere metabolism has been demonstrated in a wide range of organisms,
including S. pombe, K. lactis, A. thaliana, D. melanogaster, and H. sapiens. Differences
between these systems may be exploited to generate a detailed model of MRN function at
telomeres, and will help us to navigate the complicated relationship between telomeres and
the DNA damage machinery.
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Fig. 1. Characteristics of the MRN complex
(A) Domain organization of Mre11, Rad50, and Nbs1. (B) Model of intermolecular
interactions within the MRN·DNA ternary complex. While there is evidence that multiple
MRN complexes can cluster at DNA termini, for simplicity only a single complex is
depicted. See text for details. (C) Clustering of MRN complexes at DNA termini, and the
subsequent tethering of multiple DNA molecules via the coiled-coil arms of Rad50. The
DNA-binding globular heads of the MRN complexes are depicted by spheres.
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Fig. 2. Models of NHEJ
(A) C-NHEJ, also known as direct end joining, is carried out with minimal processing of the
DSB termini prior to ligation. Both blunt and protruding termini are amenable to C-NHEJ. A
single DSB can be processed via multiple routes, with the product sequence being
determined by the chronology in which ligase, nuclease, and polymerase activities are
employed. Blue regions denote gaps filled in by a DNA polymerase. (B) A-NHEJ involves
modest resection of DSB ends (<100 nucleotides) until regions of microhomology are
encountered which can guide reattachment of the DNA ends. Regions of microhomology are
depicted in green.
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Fig. 3. Human telomere structure
Specific interactions between shelterin components, and between these proteins and specific
regions of telomeric DNA are highlighted. Looping back the 3′ G-overhang enables it to
invade distal, duplex regions of the telomere and base pair with the complementary C-rich
strand, giving rise to the t-loop structure. See text for details.
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