
Introduction

The genomic integrity of organisms is maintained,
generation after generation, through a number of
mechanisms, like replication, cell cycle check-
points, and DNA damage repair. The genome is
subject to various types of DNA damage by exog-
enous agents (e.g. ionizing radiation and
radiomimetic chemicals) or endogenous agents
(e.g. reactive radicals, stalled replication forks,
meiotic recombination, and immune system matu-
ration). The breaks of DNA are among the most
cytotoxic forms of DNA damage. In general, there
are 2 types of DNA breaks: double-strand breaks
(DSBs) and single-strand breaks (SSBs). The DSBs
can cause chromosomal rearrangements, senes-

cence, tumorigenesis, or cell death (Khanna and
Jackson 2001; van Gent et al. 2001). DNA repair is
dependent on the family of phosphatidylinositol-
3-OH-kinase-like kinases (PIKKs), like ATM
(ataxia-telangiectasia mutated) and ATR (ataxia-
telangiectasia and Rad-3-related) kinases, and
DNA PKcs (DNA protein kinase catalytic sub-
unit). The kinases phosphorylate a variety of pro-
teins that transduce the DNA damage signal
(leading to cell cycle arrest), alternate transcrip-
tion, start DNA repair or, if the damage can not be
repaired, activate apoptosis (Shiloh 2003a; Abra-
ham 2004) (Figure 1).

Genomic integrity after DNA damage is main-

tained by the DNA damage repair machinery

(Zhou and Elledge 2000; Lavin 2007; Kobayashi
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et al. 2008). The recent proteomic analysis of the

components of DNA repair machinery reveals an

extensive network of more than 700 proteins

(Matsuoka et al. 2007). All of them are

phosphorylated by ATM and ATR kinases, in re-

sponse to DNA damage. The substrate proteins of

ATM or ATR kinases are engaged in nucleic acid

and protein metabolism, cell cycle regulation, sig-

nal transduction, cell structure and proliferation,

oncogenesis, and immunity. One of the targets of

ATM and ATR kinases is the MRN complex

(MRE11/ RAD50/ NBN), a highly conserved pro-

tein complex involved in DNA replication, DNA

repair, telomere maintenance, and signaling to the

cell cycle checkpoints (D’Amours and Jackson

2002; Assenmacher and Hopfner 2004). The MRN

complex plays a critical role in the DNA damage

sensing, signaling and repair mechanism, as well

as maintenance of chromosomal integrity in the

cell.

The genes (MRE11, RAD50 and NBN) encod-

ing the proteins for the MRN complex are vital for

cell survival, as null mutations in any of the

3 genes lead to embryonic lethality in mice (Xiao

and Weaver 1997; Luo et al. 1999; Zhu et al.

2001). Mutations in these genes cause genome in-

stability syndromes, namely ataxia-telangiectasia-

like disorder (ATLD, OMIM# 604391) if the mu-

tation is located in MRE11 (Stewart et al. 1999;

Taylor et al. 2004), Nijmegen breakage syndrome

(NBS, OMIM# 251260) if in NBN , and a variant

form of Nijmegen breakage syndrome (NBS-

variant) if in RAD50 (Bendix-Waltes et al. 2005).

Mutations in the ATM or ATR genes also lead to

human genome instability syndromes, like

ataxia-telangiectasia (A-T, OMIM# 208900) or

Seckel syndrome (SCKL1, OMIM# 210600)

(O’Driscoll et al. 2003), respectively. Some other

syndromes, like Artemis deficiency (Moshous

et al. 2001), DNA ligase IV deficiency (LigIV)

(O’Driscoll et al. 2001), Cernunnos-XLF

(XRCC4-like factor) deficiency (Buck et al.

2006), Bloom syndrome (BS) , Werner syndrome

(WS) , and Fanconi anemia (FA) (Taniguchi and

D’Andrea 2006), which are associated with de-

fects of other members of the DNA damage repair

machinery.

In this review we present the current knowl-

edge concerning the role of the MRN complex in

DNA damage repair, genomic stability, and

telomere maintenance.

Genome instability disorders and DNA repair

Molecular studies of genome instability disorders

(like A-T, ATLD, NBS and NBS-variant) have

helped to explain the DNA repair mechanisms and

the role of involved regulatory proteins. To under-

stand the DNA repair mechanisms and pivotal role

of underlying proteins, one should look into the

structural and functional units of DNA repair ma-

chinery. Keeping in mind the importance of the

units of DNA repair machinery and the related dis-

orders in the DNA repair mechanism, we present

below a brief description of 4 related genome in-

stability disorders (with overlapping symptoms)

and their related proteins involved in DNA repair.

Ataxia-telangiectasia (A-T) and ATM protein

A-T is a rare autosomal recessive disorder caused

by mutations in the ATM (ataxia-telangiectasia

mutated) gene coding for ATM protein kinase

(Savitsky et al. 1995). The hallmarks of A-T are:

progressive ataxia due to cortical cerebellar de-
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Figure 1. DNA-damaging agents and cellular response to DNA damage. Induced by irradiation (IR) and

radiomimetic agents, the DNA double strand breaks (DSBs) activate ATM kinase, while ATR kinase is activated by

pyrimidine dimer formation due to UV exposure or by stalled replication forks. These kinases phosphorylate many

substrate proteins, which transduce DNA damage signal, arrest the cell cycle, alternate transcription, start DNA repair

and, if the damage cannot be repaired, activate apoptosis.



generation, ocular and cutaneous telangiectasia,

highly variable primary immunodeficiency, chro-

mosomal translocations involving lymphocyte an-

tigen receptor loci, radiosensitivity, and cancer

predisposition (Savitsky et al. 1995). The disease

prevalence was first estimated as 1 in 40 000 live

births, but basing on further studies it seems to be

lower, closer to 3 per 106 live births (Swift et al.

1986; Woods et al. 1990).
ATM kinase is a key player of the DNA dam-

age response . It belongs to the family of phospha-
tidylinositol-3-OH-kinase-like kinases (PIKKs),
which normally phosphorylate lipids, but ATM
phosphorylates protein targets instead of lipids
(Savitsky et al. 1995). The catalytic domains of
PIKK family members are about 300 amino acids
(aa) long, located near the C-terminal end of the
protein, and are flanked by domains called FAT
and FATC (C-terminal) (Figure 2A). The
FAT/FATC domains of PIKKs are always ex-
pressed in pairs, which suggests that they interact

in an intramolecular fashion and regulate the con-
formation of the interposed kinase domain
(Bosotti et al. 2000). So far no catalytic function
has been assigned to them. The N-terminal domain
of ATM is hypothesized to serve as a scaffolding
region for macromolecular signaling complexes,
although its function needs to be determined.

ATM transmits signals by phosphorylating
substrates containing serine or threonine residues,
followed by glutamine (S/T-Q motif) (Kastan and
Lim 2000; Abraham 2001; Durocher and Jackson
2001).

In vivo, ATM is observed as an inactive dimer,
which dissociates into active monomers after
DSBs induced by ionizing radiation (Bakkenist
and Kastan 2003; Shiloh 2006). During this process,
ATM undergoes intermolecular phosphorylation on
S1981, S367, and S1893 (Bakkenist and Kastan
2003; Kozlov et al. 2006) and acetylation mediated
by the Tip60 acetylase (Sun et al. 2005; Jiang et al.
2006).

Ataxia-telangiectasia-like disorder (ATLD) and

MRE11 protein

The mutated gene responsible for ATLD, MRE11,
is a member of the MRN complex . So far, 16 pa-
tients with various biallelic mutations in MRE11
have been identified: 4 in the UK (Stewart et al.

1999), 2 in Italy (Delia et al. 2004), and 10 in 3 un-
related Saudi Arabian families (Fernet et al. 2005).
The clinical features of ATLD are similar to those
in patients with A-T, with a progressive, but
slower and later onset of cerebellar ataxia.
Microcephaly is also reported in some patients,
but with normal intelligence (Taylor et al. 2004).
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Figure 2. Schematic representation of the structure of ATM kinase and the MRN-complex proteins. (A) ATM

kinase has the N-terminal ATR-related region and the C-terminal PIKK kinase domain, flanked by FAT (left) and FATC

(right) domains. (B) MRE11 has the N-terminal nuclease domain, which has a NBN-interacting motif, two DNA binding

domains, and a GAR motif, which can be methylated by PRMT1 (protein arginine methyltransferase 1). (C) NBN has

FHA (fork-head associated) and BRCT (BRCA1 C- terminal) domains located at the N-terminus; in the central region,

there is an additional putative BRCT domain. The central region carries serines 278 and 343, which are phosphorylated

by ATM, and at the C-terminal region there are MRE11- and ATM-interacting domains. (D) RAD50 has Walker A and B

motifs located at the extreme N- and C-termini, which are separated by 2 long coiled-coil domains with a conserved

Cys-X-X-Cys (zinc-hook) motif in the center.



In contrast to A-T, there is no telangiectasia and a
normal level of serum alpha-fetoprotein (AFP)
(Stewart et al. 1999). Cells of ATLD patients also
show radiosensitivity, and rearrangements involv-
ing chromosomes 7 and 14, but at a lower rate than
in A-T (Stewart et al. 1999). However, neither im-
mune deficiency nor any type of malignancy were
reported to date even in individuals in their 40s
(Taylor et al. 2004).

MRE11 is a 81-kDa protein that has an

amino-terminal nuclease domain and two DNA-

binding motifs: one in the central region and one

located in the C-terminal region of the protein

(de Jager et al. 2001a). The C-terminal region has

also a GAR (glycine arginine repeats) domain,

which regulates the exonuclease activity of

MRE11 (Figure 2B).

Nijmegen breakage syndrome (NBS) and NBN

protein

NBS is a rare autosomal recessive chromosome

instability disorder caused by hypomorphic muta-

tions in the NBN gene, which is another member of

the MRN complex (Carney et al.1998; Varon et al.

1998). NBS is characterized by microcephaly,

causing a characteristic facial appearance, growth

retardation, immunodeficiency, and a very high

incidence of cancer (predominantly leukemia and

lymphoma). There is a significant overlap of cellu-

lar features in NBS and A-T, including chromo-

some instability with particular involvement of

chromosomes 7 and 14, hypersensitivity to ioniz-

ing radiation, and characteristic radioresistant

DNA synthesis (INBSSG 2000; Digweed and

Sperling 2004). The number of NBS patients iden-

tified worldwide is estimated at about 200, and ap-

proximately 90% of them are homozygous for the

truncating mutation of the NBN gene, c.657del5,

believed to be of Slavic origin (Varon et al. 1998).

The mutation causes premature termination at

codon 219. The NBN c.657del5 mutation is a

hypomorphic defect resulting in a 26-kDa amino-

terminal protein fragment (NBNp26) and a

70-kDa NBN protein (NBNp70), lacking the na-

tive N terminus (Maser et al. 2001). The shorter

fragment (26 kDa) shows no physical association

with the MRE11 complex, whereas the longer

fragment (70 kDa) is physically associated with it.

NBNp70 is produced by internal translation initia-

tion within the NBN mRNA, using an open read-

ing frame generated by the 657del5 frameshift

(Maser et al. 2001). It is proposed that the common

NBN allele encodes a partially functional protein

that diminishes the severity of the NBS phenotype

(Kruger et al. 2007). Another 10 pathogenic

molecular variants of the NBN gene have been

identified in families of various ethnic origin

(Chrzanowska and Janniger 2007).
NBN is a 95-kDa protein that contains 3 func-

tional regions: the N-terminus (1–196 aa), a cen-
tral region (278–343 aa), and the C-terminus
(665–693 aa) (Figure 2C). The N-terminal region
of the protein contains 2 distinct domains that are
often involved in cell cycle checkpoint, and DNA
damage response proteins: an FHA (fork-head as-
sociated) domain (24–108 aa) and a BRCT
(BRCA1 carboxy-terminal) domain (108–196 aa),
as well as an additional putative BRCT domain
(221–330 aa) (Becker et al. 2006).

Variant of Nijmegen breakage syndrome and

RAD50 protein

Mutations in the RAD50 gene, encoding a regula-
tory protein of the MRN complex, causes an
NBS-variant (Gennery 2006). So far, only one pa-
tient with two germline mutations in RAD50 have
been reported (Bendix-Waltes et al. 2005).
The phenotypic and cellular characteristics of the
patient are similar to those of NBS patients, with
microcephaly, chromosomal instability and radio-
sensitivity, but without apparent immunodefi-
ciency (Gennery 2006). RAD50 is 153 kDa . The
V-shaped protein with Walker A and B motifs are
located at the extreme N and C termini, which are
separated by 2 long (600–900 aa) coiled-coil do-
mains with a conserved Cys-X-X-Cys motif in the
middle (Figure 2D).

DSB repair model

DNA damage sensing

The DSBs produced by any exogenous or endoge-
nous agent are sensed by the DNA repair machin-
ery. Replication protein A (RPA) and the MRN
complex are hypothesized to act as sensors of
DNA damage and to help activate the
DNA-damage-response-transducing kinases, e.g.
ATM and ATR (Lee and Paull 2004; Robison et al.
2007). RPA is the major ssDNA-binding protein
and is essential for DNA replication, repair, and
recombination (Zou et al. 2006). MRE11 protein
binds both ssDNA (single-stranded DNA) and
dsDNA (double-stranded DNA) in a se-
quence-independent manner (de Jager et al.
2001a). The nuclease activity of MRE11 pro-
cesses the 3´-ssDNA, a binding site for RPA
(White and Haber 1990). The RPA-ssDNA com-
plex inhibits any further nuclease activity and pro-
vides the site for action of repair machinery
(Sugiyama et al. 1997; Williams et al. 2007).
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DNA damage signaling

The independent DNA-binding ability of the

MRN complex without the involvement of ATM

kinase suggests that the MRN complex is the first

sensor of DSBs, leading to the activation of ATM

(Mirzoeva and Petrini 2003; Lavin 2007). How-

ever, after activation, ATM plays the central role

in DSBs signaling. ATM is detectable at sites of

photo-induced DNA damage within 60 seconds

after damage, and persists for up to 4 hours.

The MRN complex plays 2 independent roles in

ATM activation. First, the MRN-dependent

DNA-tethering activity increases the local con-

centration of DNA ends to a level that triggers

ATM monomerization. Second, NBN binding to

ATM converts monomeric ATM into active con-

formation (Dupre et al. 2006).

Cellular ATM kinase activity is initiated by

intermolecular autophosphorylation at S1981,

S367 and S1893 (Bakkenist and Kastan 2003;

Kozlov et al. 2006; Berkovich et al. 2007).

In the presence of DSB damage, ATM phos-

phorylates a variety of protein targets, and acti-

vates several signaling cascades. ATM induces

cell cycle arrest at the G1/S, intra-S, and G2/M

phases through the action of intermediates, like

p53 (Canman et al. 1998; Khanna et al. 1998;

Waterman et al. 1998) or cAbl (Baskaran et al.

2001; Shafman et al. 1997). The activated ATM

kinase phosphorylates a set of substrates, e.g.

NBN (Gatei et al. 2000), MRE11 (Dong et al.

1999), H2AX (Burma et al. 2001), MDC1 (media-

tor of DNA damage checkpoint 1) (Bao et al.

2001; Xu et al. 2001; Goldberg 2003), BRCA1

(breast cancer 1) (Cortez et al. 1999), SMC1

(structural maintenance of chromosome 1) (Kim

et al. 2002), CHK2 (checkpoint kinase 2)

(Matsuoka et al. 2000), p53 (Banin et al. 1998),

RPAp34 (replication protein A) (Wang et al.

2001), FANCD2 (Fanconi anemia comple-

mentation group D2 isoform) (Taniguchi et al.

2002), Artemis (Chen et al. 2005), and DNA PKcs

(Chen et al. 2007).

The active ATM phosphorylates the histone

H2A variant (H2AX), a critical substrate of the

DNA repair machinery, at the C-terminal S139

residue in response to DSBs (Burma et al. 2001;

Stiff et al. 2004). H2AX phosphorylation occurs

on megabase regions surrounding DSBs within

seconds of DNA damage, suggesting that H2AX

phosphorylation may be a critical component in

early DNA damage signal transduction (Rogakou

et al. 1998). Phosphorylated H2AX (�H2AX)

forms foci at and near the sites of DNA breaks,

colocalizing with ATM, MDC1, 53BP1, BRCA1,

the MRN complex, and many other DNA damage

repair proteins(Paull et al. 2000; Kim et al. 2006).

The initial migration of factors to DSBs does not

require �H2AX, but the subsequent association

with chromatin regions distal to the break site is

dependent on phosphorylation marks on H2AX

(Celeste et al. 2003). Therefore, �H2AX is sug-

gested to function not to recruit but to accumulate

proteins, including the MRN complex, 53BP1,

and BRCA1 at the sites of DNA damage . In other

words, �H2AX plays a role as a docking site for

these proteins, and thus participates in DNA dam-

age signal transduction (Kim et al. 2006).

DNA damage repair pathways and machinery

There are 2 main pathways to repair DSBs of

DNA: nonhomologous end joining (NHEJ) and

homologous recombination (HR) (Li and Heyer

2008).
NHEJ is an error-prone joining of DNA ends,

with the use of little or no sequence homology,
which can lead to the loss of nucleotides, chromo-
somal translocations or fusions. DNA damage is
repaired by NHEJ during the G1, G0 and M
phases. This pathway involves a number of pro-
teins, like Ku70 (73 kDa) and Ku80 (86 kDa),
DNA PKcs, Artemis, DNA LigIV, XLF, XRCC4
(X-ray-repair-cross-complementing defective re-
pair in Chinese hamster mutant 4), and PNK
(polynucleotide kinase) (Koch et al. 2004) (Fig-
ure 3A).

After the occurrence of DSBs, the Ku70/80
dimer is bound to both broken ends of DNA within
seconds (Mari et al. 2006; Uematsu et al. 2007).
This DNA-Ku scaffold binds a DNA-dependent
protein kinase catalytic subunit (DNA-PKcs) to
DSBs. The DNA-PKcs tethers broken DNA ends,
which must be processed before ligation. Several
enzymes, including nucleases and polymerases,
remove or fill in the single-stranded overhangs be-
fore ligation. The LigIV/XRCC4 complex ligates
the broken ends, which is supposed to be enhanced
by a newly discovered protein XLF/Cernunnos
(Weterings and Chen 2008).

The second pathway, HR, is a very accurate re-
pair mechanism, in which a homologous
chromatid serves as a template to guide repair of
the broken strand. HR takes place only during the
S and G2 phases of the cell cycle, when the sister
chromatids are available. DNA repair machinery
for HR consists of a number of proteins, like:
RAD50, RAD51, RAD52, RAD54, MRE11,
RPA, BRCA1, and BRCA2 (Li and Heyer 2008)
(Figure 3B).
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Rad51 recombinase forms a long helical poly-

mer that wraps around ssDNA to form a

nucleoprotein filament (Benson et al. 1994).

RAD51 interacts with another protein, RAD52,

which has a ring-like structure and performs a role

in recombination as well as stimulation of RAD51

(Shen et al. 1996). RAD51/ RAD52 interaction is

stabilized by another protein, RAD54, which en-

hances their catalytic activity . BRCA1, a member

of HR repair machinery, interacts with BARD1
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Figure 3. Schematic representation of 2 major DNA repair mechanisms. (A) Nonhomologous end joining (NHEJ):

DNA double-strand break (DSB) is recognized by the KU heterodimer (KU70/80) that forms a complex with the

DNA-dependent protein kinase catalytic subunit (DNA PKcs). The ligase complex consisting of DNA ligase IV,

a cofactor XRCC4, and the recently discovered protein XLF (also known as Cernunnos) performs the ligation. (B)

Homologous recombination (HR): the broken ends of DNA (DSBs) are processed by nucleases with the help of the MRN

complex to create ssDNA, to which replication protein A (RPA) is attached. RAD51, due its higher affinity to ssDNA,

replaces the RPA protein, forming the nucleoprotein filament. The nucleoprotein filament (along with RAD52, RAD54,

BRCA1 and BRCA2) invades into the D-loop, and the synthesis of complementary strands proceeds, by means of DNA

polymerases.



(BRCA1 associated RING domain 1) and BACH1

(BTB and CNC homology 1) to perform ligase and

DSB repair activity, respectively (Greenberg et al.

2006). BRCA1 shows CDK-dependent interaction

with CtIP (CtBP-interacting protein), which un-

dergoes ubiquitination in response to DNA dam-

age (Limbo et al. 2007). BRCA1, CtIP and the

MRN complex play a role in the activation of

HR-mediated repair of DNA in the S and

G2 phases of the cell cycle.

DNA damage repair by the MRN complex,

ATM kinase, and their substrates

The MRN complex is involved in DNA repair

mechanisms, e.g. HR, NHEJ, DNA replication,

telomere maintenance, and in the signaling to the

cell cycle checkpoints (D’Amours and Jackson

2002; van den Bosch et al. 2003). The initial step

in the mechanism of DNA damage repair is the lo-

calization of the MRN complex at the sites of

DNA damage, known as nuclear foci (Maser et al.

1997). It is observed that ATM was not required

for the association of the MRN complex with sites

of DNA damage. In the nuclear foci, the MRN

complex binds to broken ends of DSBs as a

heterotetramer (M2R2) (de Jager et al. 2001b)

through the DNA-binding motif of MRE11. This

binding is arranged as a globular domain with

RAD50 Walker A and B motifs, and bridging of

DNA molecules is acquired through CXXC se-

quences in the middle of RAD50. The sequences

appear at the ends of coiled-coil domains and seem

to dimerize through the coordination of Zn2+ ions

(Hopfner et al. 2002). After the binding to DNA,

the MRN complex structure is altered, to give rise

to parallel orientation of the coiled-coils of

RAD50, which prevents intracomplex interaction

and enhances intercomplex association (Moreno-

Herrero et al. 2005). The association of MRE11

with RAD50 stimulates its endonuclease and

exonuclease activities, while NBN stimulates only

endonuclease activity (Paull and Gellert 1999;

Trujillo and Sung 2001). The whole complex can

also partly unwind and dissociate the DNA duplex

with the 3´ overhang. It is assumed that this and

other activities may be responsible for the process-

ing of DSB repair.

The recruitment of the MRN complex to the

damage site and ATM activation are very rapid

events, so it is difficult to discern the sequence of

events involved. As the MRN complex is a sensor

of DNA damage, it is upstream of ATM activation

(Lee and Paull 2004). The DNA tethering activity

of the MRN complex promotes the formation of

DNA-damage-signaling complexes, ATM mono-

merization, and ATM activation. In human cells,

ATM monomerization occurs in the presence of

DSBs (Bakkenist and Kastan 2003). The MRN

complex and ATM are interdependent in the rec-

ognition and signaling of DSBs (Lavin 2007).

An extensive ATM-regulated network for the re-

lated pathways has been established (see www.cs.

tau.ac.il/~spike/). The substrates included in the

ATM-regulated network play an important role in

DNA repair, cell cycle control, and transcription

to determine the fate of the cell. The rapid recruit-

ment of ATM to the DSBs indicates that there is a

possible partial activation of ATM prior to local-

ization to the break sites through the local activa-

tion in chromatin structure (Bakkenist and Kastan

2003). The partially activated ATM can

phosphorylate nucleoplasmic substrate p53 but is

unable to phosphorylate MRN-dependent sub-

strates, like CHK2, SMC1 and BRCA1 (Kitagawa

et al. 2004).
The MRN complex holds the broken ends of

DNA and with the help of the DNA repair machin-
ery, consisting of a number of proteins (like
RAD51, RAD52, RAD54, RPA, BRCA1,
BRCA2, CtIP, DNA polymerase and ligase) car-
ries out the recombination of broken ends of dam-
aged DNA. DNA polymerases play a central role
during HR, but the identity of the enzyme(s) impli-
cated remains elusive (Maolisel et al. 2008). The
repair of DSBs is initiated by a long helical poly-
mer of RAD51, which wraps around DNA to form
a nucleoprotein filament. RAD51 binds to the
ssDNA that is produced by nucleolytic resection
of the breakage site. Although RAD51 has a low
specificity for binding to ssDNA (as compared to
dsDNA), this specificity is enhanced by interac-
tions with another key recombination protein,
known as RAD52. RAD52 performs a dual role in
recombination, first by stimulating RAD51 for
binding ssDNA, and second by promoting sin-
gle-strand annealing. The joint molecule of
RAD51/RAD52 is stabilized by a third molecule,
known as RAD54, which can also play a role to en-
hance their catalytic activity. In the DNA repair
mechanism, BRCA1 is a structural protein that in-
teracts through its RING-finger domain with
BARD1, to perform E3 ubiquitin ligase activity,
while its BRCT domain interacts with a putative
DNA helicase BACH1, which is also required for
DSB repair. A third substrate for BRCA1 is CtIP,
which undergoes BRCA1-dependent ubiquitination
in response to DNA damage, and colocalizes with
BRCA1 (Limbo et al. 2007). It is likely that CtIP
provides a physical connection between the MRN
complex and BRCA1 (Figure 4).
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Figure 4. Schematic representation of DNA repair mechanism. The MRN-complex recognizes broken DNA ends

induced by irradiation. DNA-binding motifs of MRE11 are then attached to DNA ends together with RAD50, which

tethers 2 ends. NBN (the third component of the MRN complex) is involved in the activation of ATM kinase. This

interaction, together with a high number of broken DNA ends, converts the inactive dimer of ATM into active

monomers, which phosphorylate a number of substrates involved in repair mechanisms: homologous recombination

(HR) and nonhomologous end joining (NHEJ). In addition to the MRN complex, also BRCA1 and CtIP are involved in

the activation of HR-mediated repair of DNA in the S and G2 phases of the cell cycle.



Role of the MRN complex and ATM kinase in

telomere stability

Telomeres are nucleoprotein complexes at the end

of eukaryotic chromosomes, which protect chro-

mosome ends (Limbo et al. 2007). Telomere se-

quence is characterized by being a G-rich dsDNA

composed of tandemly repeated short fragments

(Callen and Surralles 2004). Human telomeric se-

quence consists of repetitive hexanucleotide se-

quences (TTAGGG)n that span the 5–15-kb

ending in a G-rich 3´ single-strand overhang

(75–300 bases in humans), evolutionarily con-

served among eukaryotes, which folds back to

form a T-loop stabilized by several telomeric pro-

teins (Callen and Surralles 2004; Yang et al.

2007). The 5´ end of human telomeres is very spe-

cific, with more than 80% of human telomeres

ending at CCAATC-5´ at the C-strand, and more

varied terminal nucleotides at the G-strand (Chai

et al. 2006). Telomeres are involved in cell viabil-

ity and chromosome stability. They protect chro-

mosomes from end-to-end fusions and nucleolytic

degradation of chromosome ends. Telomeres play

a role in chromosomal localization in the nucleus,

chromosome segregation in anaphase, recombina-

tion of homologous chromosomes in meiotic cells,

and repair of DSBs , as well as in cellular senes-

cence and carcinogenesis (Callen and Surralles

2004).

A few base pairs (50–200 bp per end per cell

division) (Smogorzewska and de Lange 2004) of

telomeric DNA sequence tend to be lost with each

cell division due to the “end replication problem”

at the 5´ end of the DNA lagging strand (Callen

and Surralles 2004). Many genetic disorders (like

A-T, NBS, BS, WS, and FA) show telomere and

DNA damage response defects (Callen and

Surralles 2004). The machinery responsible for

telomere maintenance is composed of a subset of

proteins, like telomeric repeat-binding factors 1

and 2 (TRF1, TRF2), TRF1-interacting nuclear

factor 2 (TIN2), repressor activator protein 1

(RAP1), tankyrase, tripeptidyl peptidase I (TPP1),

and protection of telomeres 1 (POT1), which di-

rectly bind to telomeres . A set of proteins that are

involved in the NHEJ pathway have been demon-

strated to prevent telomere dysfunction: DNA

PKcs, Ku70/80, XRCC4, and Artemis (Zhang

et al. 2006).

Telomeres are associated with a number of pro-

teins through ATM kinase and the MRN complex,

which have a regulatory effect on TRF1 and

TRF2. This association is observed during the

S phase (telomere replication) and G2 phase

(t-loop formation) of the cell cycle. ATM kinase

regulates TRF1 to maintain telomere length and

the t-loop structure. TRF2 is involved in telomere

maintenance (Opresko et al. 2002), while the loss

of TRF2 is a signal for apoptosis (Blasco 2005).

One member of the MRN complex (MRE11) is

also associated with telomeres in t-loop formation

during the G2 phase of the cell cycle. MRE11 re-

cruitment releases POT1, which regulates their

structure and function (Verdun et al. 2005; Yang

et al. 2007). In addition, POT1 functions to protect

telomeric 3´ overhangs, maintain cell viability and

proliferation, regulate telomerase and telomere

length, and enhance the ability of WRN and BLM

helicases to unwind telomeric DNA (Yang et al.

2007).

In normal conditions, telomeres are recognized

as DSBs by MRN and ATM, but the response is

localized to telomeres and does not lead to general

DNA damage signaling, because downstream sub-

strates of ATM, like p53 or CHK2, are not acti-

vated and do not result in cell cycle arrest (Verdun

et al. 2005).

Mutations in the genes encoding the MRN

complex and cancer occurrence

NBS patients are prone to various types of malig-

nancies, like lymphoma and leukemia at a young

age (INBSSG 2000; Digweed and Sperling 2004),

and their blood relatives also show an increased

cancer risk (Seemanova et al. 2007). Several stud-

ies have been conducted to test if mutations

(657del5, I171V, L150F, R215W, V210F, D95N

and E185Q), synonymic variants (L34L, D399D

and P672P), and intronic variants (IVS11+2insT,

IVS2-53del5 and 5’UTR 924T>C) in the NBN

gene may predispose their heterozygous carriers to

cancer (reviewed in Dzikiewicz-Krawczyk 2008).

A number of malignancies, like melanoma

Debniak et al. 2003; Steffen et al. 2006),

non-Hodgkin lymphoma (Steffen et al. 2004;

Chrzanowska et al. 2006; Steffen et al. 2006),

acute lymphoblastic leukemia (Varon et al. 2000;

Resnick et al. 2003; Chrzanowska et al. 2006),

breast cancer; (Gorski et al. 2005; Kanka et al.

2007; Sokolenko et al. 2007; Bogdanova et al.

2008), and prostate cancer (Cybulski et al. 2004;

Hebbring et al. 2006), have been observed more

frequently in heterozygote carriers of the NBN

founder mutation. The higher incidence of malig-

nancies in NBS patients, together with the in-

creased cancer risk of heterozygous carriers of the

founder mutation (657del5), suggests the role of

the NBN gene as a tumor suppressor gene. How-
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ever, the analysis of loss of heterozygosity (LOH),

to observe any association between a founder mu-

tation with cancer, suggests that NBN may not

necessarily be a suppressor gene (Dzikiewicz-

Krawczyk 2008). It could rather contribute to

carcinogenesis through the reduction of a fully

functional protein in the case of a heterozygous

founder mutation, which could be further de-

creased if the second hit occurred.

It must be noted, that the association of cancer

occurrence with the molecular variants of MRE11

(S104S, R503H and R572Q) and a truncating vari-

ant (687delT) in RAD50 gene has not been exten-

sively explored, and more data are needed to draw

any reliable conclusion (Dzikiewicz-Krawczyk

2008).

Another possible factor could be a mutation in

mononucleotide repeats in the MRN complex

genes, which results in tumorigenesis. In this re-

gard, MRE11 and RAD50 are target genes in mis-

match repeat (MMR)-deficient tumors with

microsatellite instability (Dzikiewicz-Krawczyk

2008).

Conclusions and future directions

The MRN complex and ATM, along with their

mediator and transducer proteins, form an effi-

cient, highly branched network that senses and

signals any DNA damage. This network starts

working within seconds after the damage, and is

switched off soon after the task is accomplished.

Two distinct mechanisms, NHEJ and HR, are re-

sponsible for DSB repair in eukaryotic cells. Most

proteins act only in one-repair pathway, but recent

data indicate that several proteins may affect both

pathways, and the MRN complex and ATM are

among them. Furthermore, the MRN complex is

supposed to play a pivotal role in regulating the

choice between the repair pathways in human

cells.
If one of the key components of the network is

defective (e.g. the MRN complex member, ATM
or any other signaling protein), it leads to various
genome instability disorders. The defective net-
work of repair machinery, due to any mutated pro-
tein, is not only responsible for the genome
instability disorder but, in addition to this, the pa-
tients are prone to various types of malignancies,
which clearly indicate the association between
unrepaired DNA damages and cancer occurrence.
This also indicates that the genes involved in DNA
repair play a critical role in tumor prevention and
genome stability.

Some studies have also shown the role of the

MRN complex in telomere maintenance, although

this phenomenon is not well understood. Keeping

in view the role of telomeres in cell cycle and lo-

calization of DNA repair proteins (MRN complex)

at the telomeric ends, the role of these proteins in

telomere maintenance before and after the DNA

damage can be inferred.

However, there are still many open questions

that need to be studied. What is the exact sensing

mechanism of DNA damage and the protein(s) in-

volved in this process? What factor is responsible

for the trigging of ATM monomerization after the

damage? What is the role of the MRN complex in

NHEJ and HR repair pathways and how is this

complex dissociated after repair? How is the

choice between NHEJ and HR repair pathways

regulated?

Better understanding of all aspects of the re-

sponse to DNA damage in human cells will open

new perspectives in the development of precise di-

agnostic tools for the detection of malignancies in

their earliest stages. Moreover, one could expect

that it might also change our approach in searching

for new therapeutic strategies in treatment of some

types of cancer, especially those associated with

genomic instability disorders.
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