
Introduction

Exposure of mammalian cells to physical or chemical
factors can result in DNA lesions as intermolecular cross-
linking, single or double strand breaks and others (23).
Double strand breaks (DSB) cause chromatin remodelling
and formation of so-called ionising radiation-induced foci
(IRIF), where during the first minutes after irradiation the
proteins involved in DNA repair are localized. Among these
are e.g. ataxia-telangiectasia mutated kinase (ATM), pro-
teins of MRN complex (Mre11, Rad50, and Nbs1), Mdc1,
p53-binding protein 1 (53BP1), and BRCA1 (6).

Activation of ATM is one of the first steps linked to
DNA damage response after the exposure to ionising ra-
diation (IR; 27). ATM is derived from ataxia-telangiectasia
(A-T), human autosomal recessive disorder, which res-
ponsible gene is mutated. Already 30 years ago Taylor (54)
proposed that extremely high number of radiation-induced
chromosomal aberrations in A-T patient cells in compari-
son to the normal ones is caused due to un-repaired DSB,
and that this is the reason of increased radio-sensitivity of
A-T patient, which was observed in clinical practice.
Kastan et al. (22) proved that A-T is a disease with defec-
tive cell-cycle checkpoint, where p53-dependent G1/S ar-
rest does not occurre.

A-T cells exhibit specific genotype and besides increased
radio-sensitivity these cells are characterized by genomic in-
stability, cancer predispositions and increased sensitivity to
radio-mimetics and inhibitors of topoisomerase I and II
(27). ATM, a defective gene in this pleiotropic disease (pro-

gressive cerebral ataxia, oculocutaneous telangiectasia, im-
munodeficiency), encodes serine/threonine kinase from
a wide family of phosphatidylinositol-3 kinases. The impor-
tance of ATM is undeniable, because it regulates all three
cell-cycle checkpoints. It also functions in DNA repair and
apoptosis regulation and therefore it is a key regulator of
cellular DNA damage response (23).

ATM and p53

In the last two decades a large number of ATM substra-
tes, which are activated by phosphorylation, were identified.
We will focus on those, which are required for cell-cycle ar-
rest and DNA repair and participate on G1/S checkpoint.
These are protein p53 (TP53), checkpoint kinase-2 (chk-2),
and murine double minute protein-2 (mdm2). The last two
are p53-dependent and ATM uses them to set appropriate
activity and stability of p53 (22).

Tumour suppressor p53 is in a normal cell present in
a latent form with low affinity to specific sequences of DNA
but after genotoxic stress its activity increases substantially.
Once activated, p53 acts as a key mediator of the cell faith,
since it is capable of initiation of cell-cycle arrest, sene-
scence or apoptosis via activation of p53-inducible genes
(26, 58). A wide range of studies links its activation to the
process of DNA reparation (47).

Human p53 is a polypeptide consisting of 393 amino
acids (53 kDa) and in a solution adopts conformation of
tetramer (59). Gene for p53 is localized on a short shoulder
of chromosome 17. This protein comprises several domains:
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transactivation (1–67), proline (67–98), central (98–303),
nuclear localization signal-containing region (303–323), oli-
gomerization (323–363) and C-terminal domain (363–393);
the central domain is responsible for binding to specific
DNA sequences in the vicinity of promoter region of p53-
inducible genes (11).

Unlike the other transcriptional factors p53 contains
also a second DNA binding (C-terminal) domain, by which
it creates the stabile complexes with nonspecific sequences
as single or double strand breaks or incorrectly paired DNA
(2, 32). Phosphorylation on serine 392 localized in this do-
main enhances p53 binding to specific DNA sequences (12).

Because phosphorylation and dephosphorylation of
p53 can critically influence the cell faith, very efficient re-
gulatory mechanisms are needed. Regulation of p53 activi-
ty after exposure to IR (not UV-radiation) is to a great
extent ATM-dependent and can be controlled in three ways:
i) via subcellular localization; ii) by proteolytic degradation
mediated by ubiquitin; iii) via allosteric modification on the
main DNA binding domain (12).

Since p53 acts in the nucleus, the change of subcellular
localization is a logical way of regulation of its activity. Ne-
vertheless, transfer to cytoplasm requires previous binding
to ubiquitin (targeting) mediated by oncoprotein mdm2,
which is an E3 ubiquitin ligase (7, 20). Mdm2 is essential
for effective p53 degradation (46) and it was proved to be
phosphorylated on serine 166 and 395 in ATM-dependent
manner in vitro (24, 38). The recent model perceives p53
and mdm2 in a tight auto-regulatory bond. Protein p53
induces mdm2 transcription, which directly binds to p53
N-terminus thus blocking its further transcriptional activity
and maintaining its degradation (39).

If the cell is exposed to the DSB-inducing stress such as
IR, this tight bond is interrupted and p53 is phosphorylated
in order to block the effect of mdm2. P53-mdm2 model is
controlled by ATM directly via p53 phosphorylation on se-
rine 15 and indirectly via phosphorylation on serine 20 that
is conducted by chk-2, a kinase activated by ATM on thre-
onine 68 (3, 8, 19, and 36). These phosphorylations make
p53 more resistant to the inhibitory effects of mdm2 and
moreover they stimulate its transcriptional activity.

p53 and p21

Transcriptional activity of p53 is also supported by
53BP1. It contains C-terminal domains for p53 binding and
one domain responsible for binding of phosphorylated his-
tone H2AX, which is necessary for retention of 53BP1 in
the localization of DSB (41). Its significance derives espe-
cially from its participation in IRIF formation important
for DSB repair and tumour suppression (48, 60).

The main transcription target of p53, which regulates
G1/S arrest, is protein p21 (WAF1/Cip/Sdi1), which to-
gether with p27 and p57 creates family of proteins sharing
the ability to inhibit a wide range of cyklin-dependent kinases
(cdk) and thus they can induce the cell cycle arrest (49).

G1/S checkpoint is controlled by interaction of E2F pro-
tein (a member of essential transcription factors family) with
pRb (retinoblastoma susceptibility protein). E2F is associated
with DNA in the promoter region; unphosphorylated pRb is
tightly bound to E2F and attracts histone deacetylases (en-
zymes cleaving acetyl groups from N-termini of histones).
Histone deacetylation induces histone comprimation and
transcription of certain genes is blocked due to the tight con-
formation and limited access of required molecules. There-
fore the presence of unphosphorylated pRb leads to the
repression of specific genes required to the progression of the
cell cycle and the checkpoint is closed. When p21 is not up-
regulated it does not inhibit cdk4 and cdk6 and they can re-
act with D-type cyclin and induce phosphorylation of pRb.
This, in turn, leads to dissociation of pRb from the complex
with E2F and the cell cycle can progress (rewieved in 42).

Taken together, p21 can induce cell cycle arrest. More-
over, it possesses other anti-proliferative functions as main-
tenance of differentiation and senescence (10) and it is also
capable of modulation of apoptosis by interaction with cas-
pase-3 (51, 52).

ATM and cell cycle regulation

Besides G1 checkpoint ATM regulates also the S-phase
checkpoint, which underlines phenotype of so-called radio-
resistant DNA synthesis. This phenomenon was identified
for the first time in the A-T patients as the inability to supp-
ress replication of DNA within IR-induced damage respon-
se (33). In this checkpoint chk-2 (activated by ATM)
phosphorylates phosphatase Cdc25A, which results in the
binding of the latter to 14–3–3 protein and its subsequent
degradation (14). Degraded Cdc25A then can non dephos-
phorylate cdk2, which is required for DNA synthesis. Falck
et al. (14) showed that mutations in ATM/chk-2/Cdc25A/
cdk2 pathway lead to inability of the cells to inhibit the
DNA synthesis. The same group also proved that a parallel
mechanisms, by which ATM controls S-checkpoint, exists –
demanding MRN complex (15).

The last cell cycle checkpoint regulated by ATM is
G2/M checkpoint, necessary for the cell cycle arrest of the
cells, which were irradiated in the G2-phase. Processes in
this checkpoint are chk-1/chk-2-dependent, since their active
forms can inhibit activation of Cdc25C phosphatase.
Active Cdc25C is required for cyclin B1 and cdk1 activa-
tion and for progression of the cell cycle (34).

Thus, ATM regulates a wide range of target molecules
by phosphorylation. Beside those mentioned above also
Nbs1, Brca1, FancD2, and SMC1 take part in S-phase cell
cycle arrest (53, 62, and 63) and Brca1 and Rad17 are par-
tially involved in G2/M checkpoint (4, 61).

ATM and DNA repair

During ATM activation after irradiation the key factor
is a rapid intramolecular phosphorylation at serine 1981,
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which induces dissociation of an inactive dimer and trig-
gers ATM activity (1). Also a specific protein complex is re-
quired for its activation – MRN complex consisting of
Mre11, Rad50, and Nbs1 protein (56). It was proved that
ATM is not activated without MRN complex and that mu-
tation of its components leads to genetic disorder as neuro-
logical abnormalities, radio-sensitivity, cell cycle defects,
genomic instability, and cancer predispositions (28). MRN
complex is associated with chromatin during DNA replica-
tion and it can recognize DSB and transmit this informa-
tion to ATM by attraction of ATM to the damaged DNA
(30).

Importantly, MRN complex is able to bind DNA with-
out involvement of active ATM suggesting that MRN com-
plex is the entire sensor of DSB (29, 40). Anyway, once
activated ATM is the central DSB signalling transducer.

An outbreaking finding is that Nbs1 is dispensable for
ATM activation, but its C-terminal motif is required for lo-
calization of ATM in the site of damage (16). Very rear au-
tosomal recessive disorder “Nijmegen Breakage Syndrome”
is characterized by microcephalia, immunodeficiency, and
predispositions to haematological malignancies and this
syndrome is caused by mutation of Nbs1 gene (13). An-
other protein of MRN complex, Rad50, functions as a pro-
tective chromosomal factor. It impedes excessively rapid
shortening of telomeres and so-called end-to-end joining of
sister chromatids (57).

The particular proteins of MRN complex regulate each
others. For instance, Nbs1 recruits Mre11 into the nucleus
and Mre11 increases Nbs1 stability (33). Ghosal et al. (17)
in their study performed on yeast reported that Mre11 ex-
hibits specific endonuclease activity towards DNA with
DSB and Rad50 inhibits this activity. Therefore they pro-
posed that creation of Mre11-Rad50 complex is important
for blocking of unwanted DNA cleavage and maintaining
the length of the telomeres.

Radio-sensitivity of the A-T cells derives from their de-
creased ability to repair the damaged DNA (54). There are
two main mechanisms of DSB repair; non-homologous end-
joining (NHEJ) and homologous recombination (HR),
whereas the first one is dominant in the mammalian cells
(reviewed in 21). Unlike HR, which is driven by homolo-
gous sequence of DNA, during NHEJ is the presence of
homologous template required minimally (18).

NHEJ is the mechanism, which is used mainly for re-
paration in G1– and early S-phase, but it is active during the
whole cell cycle (35). Its disadvantage is that it can lead to
a large number of irrelevant joints in the case that the given
apparatus does not recognize, which parts of DNA should
be jointed. The core of the system is heterodimer complex
of DNA-dependent protein kinases Ku70/Ku80, which en-
sures initiation of NHEJ. X-ray cross complementing pro-
tein (XRCC4) is helping protein, which was discovered in
highly radio-sensitive cell lines with defective DSB repara-
tion, and it binds to another important part of the system –
DNA ligase IV – to form the complex important for neuro-

genesis (55). In mice lacking XRCC4 or DNA ligase IV
gene massive apoptosis occurs in neural cells and muta-
tions in human fibroblast cell line 180BR (derived from
patient with lymphatic leukaemia) leading to higher radio-
sensitivity, were according to Riballo et al. (44) linked to
DNA ligase IV and the inability to repair the radiation da-
mage by NHEJ.

The HR system uses homologue DNA sequence as an
undamaged matrix (template), thus enabling correct repair
and end-joining of DNA. HR is very accurate repair me-
chanism and it is processed from late S-phase to G2-phase.
In this period, the sister chromatides, which serve as a tem-
plate to guide DSB repair, are available (43). MRN complex
is crucial for this process as well as ATM. ATM regulates
this process by phosphorylation and association with breast
cancer susceptibility gene product (BRCA1). BRCA1 pro-
tein is also phosphorylated by ATM indirectly (via chk-2) in
order to bind to Rad51 (31). This catalyzes ATP-dependent
pairing and exchange of DNA strands between homologue
sequences. Moreover, Rad51 activity is modulated by Abel-
son murine leukemia viral oncogene homolog 1 (c-Abl)
phosphorylation and c-Abl is a downstream substrate of
ATM (64). Besides that ATM participates in HR through
modulation of chromatin structure and alteration of phos-
phorylation and acetylation of histones.

ATM after irradiation associates with chromatin and
also with histonedeacetylases, thus facilitating access of
HR proteins to the sites of damaged DNA (23). The very
early step in the DNA damage response is phosphorylation
of histone subtype H2A, class H2A.X. This process can be
executed by two independent protein kinases – DNA-de-
pendent protein kinase and ATM – and therefore it might
be observed even in A-T cell lines (50). H2A.X phosphory-
lated on serine 139 (γH2A.X) can be visualized by a suit-
able antibody via immunofluorescence as a discrete spot
(focus) and it has been reported that it is localized in the
area up to 2 x 106 basis from the site of DSB (45). Although
γH2A.X is not essential for NHEJ and HR, it seems to be
an important modulator of both (5). Kim et al. (25) liken it
to a protein docking site. It is probably needed for retenti-
on of some proteins participating on DNA repair rather
than for their binding and it is important for assembly of re-
paration complex in the site of DSB (9).

Conclusion

It is no doubt that ATM is of a paramount importance
in the regulation of DNA repair. A robust signalling net-
work has been developed in order to be activated within se-
conds after the DNA damage and NHEJ and HR pathways
are then responsible for its reparation. Nowadays, the pro-
teomic approach revealed more than 700 proteins involved
in the complex DNA repair machinery (37) hence the com-
plexity of the system is more than obvious. We already ma-
naged to answer some of the questions about the sensors
and transducers, which mediate the DNA damage response.
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However, we still search for the exact mechanism of ATM
activation, although we know that MRN is an indispensable
foundation. We still do not properly understand what is the
trigger of ATM auto-phosphorylation? What does influence
the NHEJ or HR decision making? How do ATM and other
kinases regulate their co-operation? What is the role of the
recently discovered proteins in DNA damage signalling? It
is likely that addressing these and other questions will acce-
lerate development of therapeutic tools and deeper com-
prehension of DNA damage response will also establish
new platforms for treatment strategies in oncology.
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List of abbreviations

A-T ataxia-telangiectasia
ATM ataxia-telangiectasia mutated kinase
cdk cyclin-dependent kinase
chk-2 checkpoint kinase-2
DSB double strand break
E2F protein of essential transcription factors family
γH2A.X histone H2A.X phosphorylated on serine 139
HR homologous recombination
IR ionising radiation
mdm2 murine double minute protein-2
MRN Mre11/Rad50/Nbs1 complex
NHEJ non-homologous end-joining
pRb retinoblastoma susceptibility protein
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