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Abstract
Genomic integrity is maintained via the concerted action of proteins that coordinate and control
DNA replication and those that respond to DNA damage. The Mre11 complex is a mediator of the
DNA damage response through its functions in DNA double strand break (DSB) sensing,
checkpoint activation and recombinational DNA repair. The complex responds to mitotic and
meiotic DSBs, and is also activated in cells experiencing DNA replication stress. The Mre11
complex’s role in recombinational repair primarily concerns the promotion of homologous
recombination (HR), but it is also implicated in non-homologous end joining (NHEJ)—a DSB
repair mechanism prevalent in non-dividing cells. We recently characterized deletion of the Mre11
complex member, Rad50, in a number of postmitotic and proliferative tissues of the mouse. These
studies indicated that the complex is dispensable in postmitotic tissues, but loss of Rad50 in
proliferating cells resulted in accumulation of unrepaired, DNA replication-dependent lesions. The
data suggest that the Mre11 complex is not a major contributor to NHEJ and support the
interpretation that its role in recombinational DNA repair is largely restricted to dividing cells, in
which repair involving sister chromatids predominates. An exception to this concept is manifest in
previous work from our laboratory revealing that the mammalian Mre11 complex promotes
meiotic DSB repair, an event involving recombination between sister chromatids of homologous
chromosomes and taking place in cells not undergoing replication. Together these studies
highlight the importance of cell cycle and cell type specific modulation of the Mre11 complex’s
repair activities in vivo.
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Introduction
DNA double strand breaks are potentially genotoxic lesion that can result in mutation or
translocation if left unchecked or repaired improperly. The ability to sense and respond to
DNA DSBs is therefore a principal means of preserving genomic integrity. The Mre11
complex, composed of Mre11, Rad50 and Nbs1, is a key component of the cellular response
to DNA double strand breaks. Mutations in these genes result in impaired cell cycle
checkpoint activation, DNA repair and apoptosis in response to DSB inducing agents
(reviewed in ref. 1).
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DNA double strand breaks can be repaired via homologous recombination or non-
homologous end joining. Defects in these repair pathways result in significant pathology
including immunodeficiency, infertility, impaired motor coordination, tumor predisposition,
premature aging and inviability2–4 (reviewed in refs. 1 and 5). The choice of HR versus
NHEJ in DSB repair appears to be primarily determined by cell cycle status and
developmental cues; nevertheless whereas HR is essential for viability of proliferating cells
and embryonic development, it has been unclear whether HR is required in postmitotic cells.

The Mre11 complex is implicated in both HR and NHEJ. Efforts to understand the Mre11
complex’s role in these processes in mammalian systems have been hampered by the fact
that it is required for embryonic viability.6,7 To address this, we have analyzed a number of
proliferative and postmitotic tissues of the mouse in which a conditional allele of Rad50 was
deleted post-embryonically.8 Additionally, meiotic DSB repair was previously characterized
in mice carrying hypomorphic alleles of Mre11 and Nbs1.9 These studies have illuminated
the Mre11 complex’s functions in response to endogenous damage and have implications
with respect to its roles in HR and NHEJ.

The Mre11 Complex and Somatic Cells: Compartmentalization of Repair
The Mre11 complex is implicated in both HR and NHEJ in S. cerevisiae (reviewed in ref.
10). While the complex functions in HR in vertebrates, studies suggest that it is not required
for NHEJ in these organisms. For example, deletion of Mre11 or Nbs1 in chicken DT40
cells results in reduced HR and sister chromatid exchange but does not affect end joining
frequencies in plasmid based assays; and unlike G1 irradiated Ku70 deficient cells (which
lack a vital component of the end joining machinery), viability of G1 irradiated Mre11
deficient cells is not compromised.11,12 Additionally, data from Nbs1 deficient mouse cells
suggests that the Mre11 complex may play an inhibitory role in NHEJ in mammals.13

To study the effects of Mre11 complex deficiency in vivo, we generated a conditionally-null
allele of Rad50 that can be deleted via introduction of a tissue-specific Cre transgene.8 We
used these mice to examine the role of the Mre11 complex in repair in postmitotic cells, thus
addressing its potential involvement in NHEJ. To circumvent the confounding issue of
whether Mre11 complex deficiency in proliferating precursor cells account for phenotypic
outcomes manifest later in development in postmitotic compartments, we chose the Purkinje
cell-specific Pcp2-Cre and the interferon-inducible Mx-Cre lines. These lines allow for
deletion in postmitotic Purkinje cells of the cerebellum14 or in quiescent hepatocytes of
adult mice.15

In contrast to loss of Rad50 from proliferating cells (see Fig. 1), deletion of Rad50 in
nonproliferative settings had no apparent effect at either the cellular or organismal level.
Since loss of bona fide NHEJ components results in growth defects, elevated levels of
apoptosis, and inviability in some cases, with particularly profound effects observed in
neuronal compartments,2–4 our data support the interpretation that the Mre11 complex does
not play an important role in NHEJ in vertebrates.

The fact that Rad50 is dispensable for maintenance of post-mitotic cells also suggests that
HR is not essential in postmitotic settings. Conversely, the strikingly high level of DNA
damage observed in Rad50-deficient hepatocytes upon S-phase entry brightly underscores
the critical importance of the Mre11 complex, and by extension HR to successful DNA
replication. The re-entry of quiescent hepatocytes into the cell cycle upon stimulation via
partial hepatectomy (PH) has been shown to be a precisely timed event. In mice, cell
proliferation is relatively synchronized for the first wave of replication following PH; this
wave is initiated between 16 and 24 hours, and peaks at approximately 36 hours post-PH.16

Coincident with this time frame, DNA damage foci were observed in Rad50 deficient livers
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beginning at 24 hours post-PH and rose to peak levels (between 70 and 90% γ-H2AX
positive hepatocytes) at 72 hours. This result is reflective of the proportion of hepatocytes in
adult mice that proliferate following two-thirds PH (77–93%).17 Since the frequency of
spontaneous γ-H2AX foci in quiescent Rad50 null hepatocytes was comparable to controls
(<5% in both cases), these data demonstrate that damage arising in Mre11 complex deficient
cells is dependent on passage through S-phase.

Our data indicating that Rad50 is required for genome maintenance during replication are in
agreement with additional observations linking the Mre11 complex with events in S-phase.
Localization of the complex to sites of replication fork stalling, its role in activation of the
intra-S phase checkpoint in response to DNA replication stress, and engagement of the
complex with chromatin during normal S-phase indicate Mre11 complex functions are
intimately related to molecular transactions attendant to DNA replication.18–21 The Mre11
complex’s role in promotion of sister chromatid mediated HR in S. cerevisiae22,23 may
account for the observed dynamics of the complex during S-phase and the phenotypic
outcomes in its absence. These data, together with the observation that proliferating cells
appear to require the Mre11 complex for viability6–8,24,25 support the conclusion that its
activities are a vital component of the DNA damage response to spontaneous lesions arising
during DNA replication.

In light of the replication specific repair functions of the Mre11 complex, the complex’s
presence throughout the cell cycle raises the question of how its activities are restricted to
particular phases. This may be explained in part by the cell cycle stage specificity of HR and
NHEJ. Studies in S. cerevisiae indicate that HR mediated repair of DSBs and concomitant
dampening of NHEJ correlate with increased cyclin dependent kinase (CDK) activity in S
and G2 phase cells. The switch between NHEJ and HR appears to be controlled by the
ability of cell cycle specific CDK activity to promote DSB end resection,26,27 one of the
first steps required for HR mediated repair. These data are corroborated by studies in mouse
cells demonstrating NHEJ mediated fusion of dysfunctional telomeres is restricted to G1 and
is dependent on low levels of CDK activity.28

The mammalian CtIP protein and its yeast orthologs, Sae2 (S. cerevisiae) and Ctp1 (S.
pombe), are directly implicated in mediating the cell cycle specific HR activities of the
Mre11 complex during DSB repair.29–31 Like the Mre11 complex, DSB end resection and
HR are disrupted in CtIP/Ctp1/Sae2 deficient cells. Expression of Ctp1 oscillates during the
cell cycle whereas Sae2 activity is controlled by CDK mediated phosphorylation, indicating
two potential mechanisms of Mre11 complex modulation during the cell cycle.

Although the Mre11 complex exhibits exonuclease activity, and both Sae2 and Mre11
exhibit endonuclease activity,31,32 their role in DNA double strand break end resection
remained ambiguous until recently. Two separate studies revealed that Sae2 and the Mre11
complex cooperate during initial processing of DSBs to produce short 3′ overhangs.33,34

These overhangs are then resected processively via apparently redundant pathways
involving Sgs1 and Exo1. In the absence of Sgs1 and Exo1, resection is severely impaired
indicating that the Mre11 complex does not function efficiently in long-range processing of
breaks.

The structural characteristics of the Mre11 complex also appear to be a key determinant of
its function in HR mediated repair of DSBs. The complex consists of a globular domain,
comprising its DNA binding and nucleolytic domains, and an extended coiled-coil region
that facilitates intermolecular dimerization of the complex.35,36 This structure allows for
bridging of double stranded DNA ends.37,38 Disruption of intermolecular dimerization
results in a phenotype that is essentially indistinguishable from null mutants,39 suggesting
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that the Mre11 complex’s function in repair is largely related to its ability to tether DSB
ends. Whether this structural arrangement may also potentiate the DNA end processing
activity of the complex remains an intriguing question.

The Mre11 Complex in Meiotic DSB Repair: Life after S-Phase
Homologous recombinational DSB repair is utilized exclusively during the specialized
prophase preceding meiotic cell division. Repair of meiotic breaks is carried out by a
combination of meiosis-specific damage response factors and accessory proteins and
canonical DSB repair proteins that also function in mitotic cells (reviewed in refs. 40 and 41).
In contrast to mitotic cells where sister chromatids are the preferred substrate for HR,
meiotic DSBs are repaired via HR between maternal and paternal homologs. This process
facilitates homolog alignment and crossover formation, and ultimately allows for
segregation of homologs during the first meiotic division.

The Mre11 complex is implicated in meiotic recombination in all species studied to date.
The complex is required for double strand break formation, processing and checkpoint
signaling in S. cerevisiae, whereas in A. thaliana and S. pombe the complex is dispensable
for break formation but required for DSB processing and/or repair (reviewed in ref. 42). In
mammals, the complex is associated with meiotic chromatin and it relocalizes to the XY
body during late prophase in males43—a specialized structure required for XY silencing that
is enriched in DSB response factors.

Further studies of the complex in mammalian meiosis were once again hindered by the fact
that the Mre11 complex is required for embryonic viability. However, viable mouse models
of hypomorphic mutations of Mre11 complex members found in human disease had been
previously developed in our laboratory,44,45 allowing us to examine meiocytes in which
Mre11 complex function was perturbed. These studies revealed that the complex is required
for proper synapsis between homologous chromosomes, timely resolution of repair
intermediates, and formation of appropriate crossover numbers and position.9 These results
indicate that the Mre11 complex is dispensable for break formation in mice but like its
counterparts in A. thaliana and S. pombe, plays an early role in meiotic repair in mammals.
Moreover, perturbation of crossover numbers and position suggest that deviations in repair
efficiency can influence crossover control.

A role for the Mre11 complex in meiotic repair is not surprising given its function in HR in
mitotic cells. Nevertheless, in light of data indicating that the complex largely promotes HR
between sister chromatids in mitotic cells, an important question that remains to be
addressed is how these functions are restricted or redirected during meiotic repair. As in
mitotic cells, it appears that regulation of meiotic HR and the Mre11 complex may be
achieved in part by the activity of CDK or meiosis-specific kinases. For example, induction
of meiotic DSBs in S. cerevisiae is controlled by CDK activity.46,47 Additionally, the
meiosis specific Mek1 kinase is required to promote interhomolog mediated repair of DSBs,
presumably via inhibition of sister chromatid repair mediated by the Mek1 target, Red1.48

Whether the Mre11 complex is similarly modulated is still unclear. The Mre11 complex
interacting partner, Sae2 however, also functions in meiotic DSB formation and processing.
49,50 Given that Sae2 is a target of CDK activity in mitotic cells,51 it is plausible that
phosphorylation events mediate its activity, and in turn the Mre11 complex’s activity, in
meiotic cells.

In contrast to the situation in postmitotic and quiescent cells, the implication of the Mre11
complex in meiotic DSB repair highlights an important repair function for the complex that
is not associated with replication. Aside from lesions generated during the process of
replication, genetically programmed DSBs are one of the most prevalent sources of breaks
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naturally encountered in vivo. The requirement for HR mediated repair of these breaks
surely accounts for the Mre11 complex’s involvement in this repair process. This may also
be generally reflective of post-replication functions for the complex in G2 cells. Indeed, the
complex operates in G2/M checkpoint activation in mitotic cells in response to ionizing
radiation.45,52,53 Although spontaneous DSBs would be a rare occurrence in G2 cells, the
Mre11 complex’s roles in HR during S-phase and in meiotic cells suggest that its activities
may extend beyond checkpoint activation, encompassing repair of breaks during this phase
as well.

The End of the Story: the Mre11 Complex and Telomeres
Double strand breaks are not the only DNA ends that must be managed by the cell: the
terminal ends of chromosomes also engage the DSB repair machinery. In contrast to a true
break however, repair of telomeric ends is normally suppressed. The paradoxical
relationship between telomeres and DSB response proteins is not fully understood, but it is
clear that the specialized telomere binding proteins recruited to telomeres are essential to
suppression of the DNA damage response (reviewed in ref. 54). Erosion or deprotection of
telomeres results in activation of the DNA damage response, triggering senescence,
apoptosis or induction of fusions—all of which effectively lead to removal of the cell from
the gene pool.

The Mre11 complex is implicated in telomere maintenance. In S. cerevisiae the complex is
required for telomere length homeostasis;55,56 its ability to recruit telomerase (the enzyme
responsible for telomeric repeat synthesis) to telomere ends, likely accounts for this.57 In
mammalian cells however, the Mre11 complex associates with the telomere binding protein
Trf2.58 Trf2 deletion results in telomere deprotection followed by end fusions,59 raising the
possibility that the Mre11 complex plays a similar role in telomere protection.

To address the question of whether the Mre11 complex functions in telomere protection,
telomeres were examined in cultured Rad50 deficient cells.8 We assessed telomere fusions,
erosion and telomere dysfunction induced foci formation, all possible endpoints of telomere
deprotection. In contrast to results in Trf2 deficient cells, we observed no evidence of
telomere dysfunction upon acute loss of Rad50. These findings are consistent with the lack
of telomere-related phenotypes in human and mouse cells carrying hypomorphic mutations
of Mre11 complex members. Ongoing studies in telomerase deficient mice will address the
outcome of Mre11 complex hypomorphism in the context of telomere erosion.

Concluding Remarks
The results of our studies with regard to the roles of the Mre11 complex in the response to
meiotic DSBs and spontaneous damage in postmitotic and replicating cells in vivo have
illustrated the advantages of examining the DNA damage response in the organismal
context. These studies allowed us to access compartments that are typically not amenable to
ex vivo analyses, including meiotic and postmitotic cells. In conjunction with previously
published work, the data helped define the Mre11 complex’s role in mammalian systems to
those functions relevant to HR mediated DSB repair, a role that appears to be limited to
replicating and possibly G2 cells. This role also extends to the specialized post-replication
repair carried out in meiotic cells. Defining the precise functions of the Mre11 complex in
repair and telomere maintenance remains an important challenge facing the field in the
future.
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Figure 1.
Genomic instability in Rad50 deficient cells. Deletion of Rad50 from proliferating tissue
culture cells leads to the appearance of spontaneous chromosomal aberrations (arrows, left)
visible in metaphase spread preparations. Aberrations include chromatid breaks, gaps,
chromosome breaks, fusions and exchanges. In extreme cases, several cell division cycles in
the absence of Rad50 results in severe chromosome fragmentation (right).
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