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FOCUS: NEUROSCIENCE

The Role of the DNA Damage Response
Kinase Ataxia Telangiectasia Mutated in
Neuroprotection

Konstantina Marinoglou

DNA Demethylation and Reprogramming, Institute of Molecular Biology, Mainz, Germany

It has been estimated that a human cell is confronted with 1 million DNA lesions every day,
one fifth of which may originate from the activity of Reactive Oxygen Species (ROS+t) alone
[1,2]. Terminally differentiated neurons are highly active cells with, if any, very restricted re-
generation potential [3]. In addition, genome integrity and maintenance during neuronal de-
velopment is crucial for the organism. Therefore, highly accurate and robust mechanisms
for DNA repair are vital for neuronal cells. This requirement is emphasized by the long list
of human diseases with neurodegenerative phenotypes, which are either caused by or as-
sociated with impaired function of proteins involved in the cellular response to genotoxic
stress [4-8]. Ataxia Telangiectasia Mutated (ATM), one of the major kinases of the DNA Dam-
age Response (DDR), is a node that links DDR, neuronal development, and neurodegen-
eration [2,9-12]. In humans, inactivating mutations of ATM lead to Ataxia-Telangiectasia
(A-T) disease [11,13], which is characterized by severe cerebellar neurodegeneration, indi-
cating an important protective function of ATM in the nervous system [14]. Despite the large
number of studies on the molecular cause of A-T, the neuroprotective role of ATM is not well
established and is contradictory to its general proapoptotic function. This review discusses
the putative functions of ATM in neuronal cells and how they might contribute to neuropro-
tection.

INTRODUCTION but also endogenous mutagenic metabolic

The maintenance of genomic integrity
is vital for the survival and proper function
of a cell and, consequently, an organism.
Cellular DNA is constantly attacked by
genotoxic agents, such as UV irradiation,

products, most prominently reactive oxy-
gen species (ROS). These radicals are pro-
duced during mitochondrial respiration
and, unless inactivated, can cause oxidative
stress and result in modification of DNA

To whom all correspondence should be addressed: Konstantina Marinoglou, Institute of
Molecular Biology, Ackermannweg 4, D-55128, Mainz, Germany; Tele: +49 6131 39
21402; Fax: +49 6131 39 21421; Email: K.Marinoglou@imb-mainz.de.

tAbbreviations: A-T, Ataxia Telangiectasia; ATM, Ataxia Telangiectasia Mutated; CNS,
central nervous system; DDR, DNA Damage Response; DSB, Double Strand Breaks;

NBS, Nijmegen Breakage Syndrome; NPC, Neural Progenitor Cells; PN, Postmitotic Neu-
ron; ROS, Reactive Oxygen Species; PD, Parkinson’s disease; AD, Alzheimer’s disease.

Keywords: ATM, DNA repair, DNA damage response, neurodegeneration, neuronal devel-
opment, A-T

469



470

bases [15]. Besides their intriguing and ex-
tremely complicated functions, neurons are
set apart from other cell types because of
their longevity, high energy requirement and
transcriptional activity, their complex cellu-
lar structure, and limited regeneration po-
tential. Therefore, the neuronal genome is
exposed to an increased amount of ROS and
DNA damage that accumulates in neurons
and may lead to neuronal dysfunction and
degeneration.

Indeed, increased genotoxic stress and
damage, as well as deregulation of DNA re-
pair mechanisms, have been observed in
age-related neurodegenerative diseases [2].
Additionally, inactivation of several key
players of the DNA damage response (DDR)
is the cause of many human diseases char-
acterized by DNA repair defects and neu-
rodegeneration [4], such as Ataxia
Telangiectasia disease (A-T). The frequency
of A-T in the United States is about 1 in
100.000 births [16], and it is caused by in-
activating mutations of the Ataxia Telang-
iectasia Mutated (ATM) gene [17,18]. These
are mostly nonsense or frameswift muta-
tions that disrupt ATM synthesis, but there
are interesting cases of A-T caused by mis-
sense or splice site mutations in which the
enzymatic activity of ATM is affected
[18,19].

ATM is a kinase that forms a central
node in the DDR phosphorylation cascade by
contributing to the initiation, amplification,
and transmission of the DNA damage re-
sponse (DDR) signal. In particular, ATM is
one of the proteins recruited to the sites of
DNA lesions, where large protein complexes
are formed that initiate the damage signaling.
The MRN complex (MRE11/Rad50/NBS1,
Meiotic Recombination 11, Radiation repair
50 and Nijmegen breakage syndrome 1 re-
spectively), the BRCA1 and BRCA2 (Breast
Cancer | and 2, early onset), and MDCl1
(Mediator of DNA damage Checkpoint 1)
are other factors that accumulate at the lesion
sites, and their dysfunction is also associated
with radiosensitivity and/or neurodegenera-
tive syndromes [20-34]. The complex for-
mation results in activation of ATM, which
in turn phosphorylates additional proteins,
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such as CHK2 (checkpoint kinase 2), that
transmit the DNA damage signal
[24,26,28,35]. These initial and intermediate
steps consist of positive feedback loops
across the phosphorylation cascade, which
ensure the rapid transmission and amplifica-
tion of the signal. Finally, effector proteins
are activated that initiate the cellular re-
sponse, such as p53, cell cycle inhibitors,
DNA repair proteins, and caspases
[32,35,36].

Since A-T patients lack functional
ATM, they are hypersensitive to DNA dam-
age-inducing agents and have a predisposi-
tion to cancer [37-39]. However, one of the
main hallmarks of A-T is cerebellar neu-
rodegeneration, resulting in impaired coor-
dination and movement control (ataxia)
[40-43]. This is already evident in the first
years of life and results in wheelchair de-
pendency of most suffering children by the
age of 10. The cerebellum of A-T patients is
most profoundly affected, but progressive
neurodegeneration occurs also in other parts
of the central nervous system (CNS) [40,42-
44]. This striking neuronal degeneration
caused by impaired ATM function has puz-
zled researchers for decades, and opinions
tend to be split between attributing the neu-
roprotective role of ATM to its DDR-related
function and the belief that ATM might have
another, so far unclear, role in the CNS [45].
This review aims to address this puzzling
question by summarizing the current knowl-
edge on DDR and repair in neuronal cells,
with a focus on the role of ATM in neuro-
protection.

TOPICS

Neuronal Defects in DNA Repair-
Related Syndromes

The repair of DNA lesions is controlled
by a collection of mechanisms that are co-
ordinated depending on the type and the ex-
tent of the damage. Malfunction of these
mechanisms not only leads to cancer predis-
position but also to a series of defects and
impairments of neuronal structures [4]. A
classical example is A-T disease with severe
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loss of Purkinje and granule cells of the
cerebellum, resulting in uncoordinated
movement (ataxia). Inactivating mutations
of proteins that work together with ATM in
damage recognition and initiation of the
DDR also result in neurodegeneration and
syndromes similar to A-T. Hypomorphic
mutations of MRE11 (Meiotic Recombina-
tion 11) lead to A-T-like disease (A-TL)
[46], which is similar to mild A-T with later
onset and slower progression than classical
A-T [47]. Mutations of NBS1 (Nijmegen
Breakage Syndrome 1) are the cause of Ni-
jmegen breakage syndrome [48-50], which
is characterized by microcephaly rather than
cerebellar neurodegeneration.

Interestingly, while NBS1 and MRE11
are part of the same complex (MRN), their
mutations lead to different neurological de-
fects. ATM and MRN act together in recog-
nizing DNA lesions and initiating the DDR
by assembly at the damaged chromatin and
mutual phosphorylation [33,34,51], but they
do not actively take part in the repairing
process. Mutations of proteins involved in
the later steps of repair lead to diseases char-
acterized mainly by cancer predisposition
and neurological symptoms affecting other
areas of the CNS. For example, Xeroderma
Pigmentosum (XP), Cockayne Syndrome
(CS), and Trichothiodystrophy (TTD) are
caused by mutations in the XP or CS pro-
teins and are associated with microcephaly
and wide progressive neurodegeneration [2].
The different phenotypes and neurological
findings of these syndromes raise two main
questions: Why are different parts of the
CNS affected in different ways by the inac-
tivation of a DDR factor, and is there a role
for proteins involved in the DDR in neu-
ronal development and neuron maintenance
that is not related to DNA repair?

Neuronal Survival or Death — What
Makes the Difference?

Part of the answer to the first question
probably lies in the fact that the intracellular
environment of different types of neurons
can vary and the efficacy of damaging
agents in the cell can thus vary accordingly.
Comparative studies have eloquently shown
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that different types of neurons, but also the
same kind of neurons in distinct areas, can
display extremely different sensitivity to ox-
idative stress and exogenous DNA damag-
ing drugs (reviewed in [52]). Intrinsic
cellular factors that may influence this se-
lective response are the endogenous constant
levels of oxidative stress, ATP levels, and
energy production rates. Furthermore, the
occurrence of mitochondrial dysfunction,
the expression pattern of DNA repair related
and neuroprotective genes, and the extent of
using ROS and reactive nitrogen species
(RNS) as signaling molecules can affect
neuronal sensitivity [52].

Besides the exposure to damaging
agents, the extracellular environment also
affects neuronal health and the response to
DNA damage. In particular, the functionality
of glial cells and the control of the inflam-
matory response are crucial for the mainte-
nance of neuronal homeostasis and
protection [52,53]. Notably, neurons rela-
tively sensitive to DNA damage and oxida-
tive stress are those that also degenerate
profoundly in aging-related syndromes, such
as Parkinson’s (PD) and Alzheimer’s disease
(AD). These late onset diseases share some
common features with the early onset hered-
itary diseases like A-T, such as deregulation
of DDR and DNA repair, resulting in accu-
mulation of damaged DNA in certain neu-
rons, neuronal dysfunction, and finally
degeneration [2,4]. A loss of dopaminergic
neurons of the substantia nigra pars com-
pacta was observed in ATM -/- mice, which
also displayed several symptoms of PD [54],
indicating a connection between early and
late onset neurodegenerative diseases, DDR
and DNA repair.

It has been speculated that, despite the
differential sensitivity of neurons, there is a
threshold of accumulated DNA damage be-
yond which the cell will initiate an apoptotic
response [55]. This threshold seems to vary
in different neuronal types, leading to the
paradox that in neurodegenerative diseases
there is substantial loss of certain neuronal
cells with the remaining cells having a
healthy genome while other neurons may
accumulate a higher number of lesions and
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yet survive [56]. Finally, the extensive dura-
tion of cerebellar development and plasticity
could also contribute to the sensitivity of the
cerebellar neurons to ATM dysfunction.

So far, studies have mostly focused on
measuring either the amount of accumulated
DNA damage or the DNA repair activity in
neurons [2]. It would be of interest to deter-
mine the amount of oxidative damage and
DNA lesions together with the DNA repair
capacity in affected versus resistant neurons
to assess the correlation of these two pa-
rameters with neuronal survival.

Potential Genomic Rearrangements
During Neuronal Development — ATM
and DSB

Immunodeficiency is another common
pathological finding in individuals with
DDR defects. In particular, the majority of
A-T patients lack or have reduced levels of
certain immunoglobulins and lymphopenia
(especially loss of T-lymphocytes) [57,58].
This is generally attributed to the major role
of ATM in the recognition of DNA double
strand breaks (DSB) and the initiation of
their repair. DSB are extremely toxic for the
cell, as they can lead to large chromosomal
rearrangements, and the cells of the immune
system are particularly prone to DSB due to
the frequent recombination events such as
V(D)J and class switch recombination.

The severe impairment of both the
nervous and the immune system in A-T mo-
tivated researchers to investigate the occur-
rence of genomic rearrangements in
neuronal development. Indeed, there is evi-
dence supporting recombination events in
neuronal cadherin genes, leading to the
tempting speculation that these might influ-
ence the specificity and plasticity of
synapses [59-61]. Importantly, there is a sig-
nificantly higher accumulation of DSB in
the degenerating cerebellum of A-T patients,
and these breaks occur in a non-random
fashion, supporting the hypothesis of ge-
nomic rearrangements during neuronal de-
velopment [10]. Furthermore, loss of other
genes that are crucial for DNA end joining
and DSB repair (such as DNA ligase 1V)
leads to late embryonic lethality in mice and
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is characterized by massive apoptosis in-
duction in the newly formed post-mitotic
neurons [62-64]. These studies exemplify
the importance of DNA repair factors and
DSB repair in neuronal development.

ATM and Neuronal Degeneration
Outside the DDR

The second question raised above was
whether ATM and other DDR proteins have
other tasks in neuroprotection apart from
DNA repair. ATM plays a central role in
DDR and as such is very important for the
protection of neurons from genomic stress.
However, it has become increasingly clear
during the last years that ATM might also
have neuroprotective functions that are not
directly dependent on the accumulation of
DNA damage [65-70].

Specifically in A-T, the uncontrolled
dephosphorylation of Histone Deacetylase 4
(HDAC4) by PP2A (protein phosphatase
2A, which is normally phosphorylated and
thus regulated by ATM) leads to nuclear ac-
cumulation of HDAC4. This mislocalization
leads to aberrant gene expression and con-
tributes to neurodegeneration [41]. In addi-
tion, as a secondary effect of DDR
induction, ATM can turn on mitochondrial
biogenesis by activating AMPK (AMP Ki-
nase) and thus protect neurons with mito-
chondrial dysfunction from cell death [71].
Curiously, while in most cells ATM is
mainly or exclusively localized in the nu-
cleus, many studies have shown a substan-
tial cytoplasmic amount of this kinase in
healthy as well as in damaged neurons [65-
70], although an extra-nuclear role for ATM
has been questioned [45]. Importantly, cyto-
plasmic ATM in mouse brain has been
shown to associate with synaptic vesicle
proteins, namely with VAMP2 and synapsin
I, and might play a role in synaptic vesicle
cycling [67]. In the same study, Jiali Li et al.
demonstrated that cytoplasmic ATM did not
respond to DNA damage and concluded that
it might play a role in synaptic vesicle dock-
ing and fusion and, hence, in the regulation
of synaptic function. Da-Qing Yang and col-
leagues found that upon differentiation of
human neuron-like cells, ATM shuttles from
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the nucleus to the cytoplasm, where it pro-
motes neuronal survival via activation of
AKT signaling in an insulin-dependent man-
ner [68,72]. Finally, the group of Yutaka
Miura investigated the activation of ATM in
deep cerebellar nuclei and found a potential
neuroprotective role for cytoplasmic ATM
involving ZFHX3 (zinc finger homeobox 3)
and PDGFRB (platelet-derived growth fac-
tor receptor beta) in response to oxidative
stress and excessive excitation [73]. Over-
all, this brief list of examples illustrates the
diverse functions of neuronal ATM that have
been proposed so far, as well as the plethora
of other proteins that seem to act concomi-
tantly with ATM toward neuroprotection.

Cell Cycle Re-entry, Neurodegeneration,
and ATM

An intriguing and so far unclarified
phenomenon that precedes cellular death is
the attempt of postmitotic neurons to re-
enter the cell cycle. This occurs in response
to excessive stress, involves expression of
cell cycle regulators, such as cyclin DI,
CDK4/6 (cyclin dependent kinase 4/6) and
members of the E2F family of transcription
factors, and can be accompanied by incom-
plete DNA replication [74,75]. This aberrant
cell cycle response culminates in the induc-
tion of apoptosis activators. E2F1 is of par-
ticular interest because while its primary
role is to drive G1 to S phase transition, in-
creased amounts of this protein can induce
apoptosis [76,77].

Despite all efforts, the cause and pur-
pose of the abortive cell cycle re-entry, as
well as its exact connection to the neurode-
generation that follows, is not clear. It has
been speculated that because DNA repair is
more efficient in actively dividing cells, neu-
rons with genomic lesions try to mimic the
intracellular environment of proliferating
cells [2]. However, the GO to G1 transition
of postmitotic neurons is characterized by a
confound activation of genes that are nor-
mally sequentially expressed in different
phases of the cell cycle. This could result in
excessive replication stress, as DNA synthe-
sis that takes place is largely incomplete and
creates genomic instability finally leading to
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apoptosis [78]. In addition, the large cy-
toskeletal structures in neurons would have
to be vastly rearranged to allow cell division,
thereby posing a further obstacle to com-
pleting the cell cycle [79]. Ketamine is an
NMDA receptor antagonist that has been as-
sociated with neurodegeneration involving
aberrant cell cycle re-entry [80]. Soriano et
al. showed that the knockdown of cyclin D1
attenuated the proapoptotic response in ket-
amine-treated neurons, supporting an unfa-
vorable role of cell cycle re-entry for
neuronal survival [80].

Interestingly, in postmitotic cortical
neurons, only drugs inducing DNA damage
were found to reactivate the cell cycle and
induce apoptosis in an ATM-dependent
manner, while compounds not targeting
DNA led to ATM-independent neurode-
generation without cell cycle re-entry at-
tempts. Most importantly, ATM inhibition
could rescue neuronal death by genotoxic
drugs but not by staurosporine or
colchicine [75]. Along this line, caffeine, a
PI3-like kinase inhibitor (this family in-
cludes the DDR proteins ATM, Ataxia
Telangiectasia, and Rad3 related/ATR and
DNA protein kinase/DNA-PK) has been
shown to exhibit neuroprotective effects
mediated by attenuating the ATM-p53-
E2F1 pathway. In particular, caffeine in-
hibited apoptosis and reduced cyclin D1
and E2F1 amounts in cerebellar granule
neurons treated with the neurotoxin MMP+
(N-methyl-4-phenylpyridine). However,
caffeine had no effect in neurodegeneration
induced by serum starvation or potassium
withdrawal [81]. These studies suggest that
ATM is a central activator of both cell cycle
re-entry and apoptosis in the context of
DDR following certain types of neuronal
stress, but also point out the existence of
neurodegenerative pathways that are inde-
pendent of ATM and cell cycle activation.

Lessons from Animal Models

Toward understanding ATM and the
molecular basis of A-T, three ATM knock-
out mice (ATM-/-) were independently gen-
erated and their phenotypes were published
in 1996 [82-85]. All these mouse models
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displayed several features of human A-T, in-
cluding radiosensitivity, growth defects, in-
fertility, immunodeficiency, and decreased
life span, mostly due to the development of
thymic lymphomas. Surprisingly, however,
the severe neuronal abnormalities of the dis-
ease were not observed in mice lacking
ATM, placing doubts regarding their use as
a model for studying A-T.

Nevertheless, Barlow and colleagues
analyzed the oxidative damage levels in
ATM-/- mouse tissues and showed that or-
gans that develop pathologic changes in the
absence of ATM, including the Purkinje
cells, are targets of high oxidative damage
[86]. A fourth ATM-/- mouse was generated
by Borghesani et al. using gene targeting.
These mice had a reduced lymphoma inci-
dence and increased survival rate compared
to the previously generated models and were
characterized by motor learning deficiency,
as well as ectopic and abnormal differentia-
tion of Purkinje cells, although no obvious
defects were found in their cerebella [87].
Collectively, these results indicate that, while
many aberrations of human A-T can be ob-
served and studied in the mouse ATM-/-
models, the neurological findings of the
human disease are only marginally observed.
Nonetheless, neural cells of these mice dis-
play molecular defects that might be impor-
tant for understanding the role of ATM in
A-T. For example, the cerebellar cells of 4-
month-old ATM-/- mice were shown to be in
a state of continuous stress, which was
marked by increased mitochondrial respira-
tion rate and decreased pool of NAD (nico-
tine adenine dinucleotide) [88], increased
p-AMPK, and ROS amounts [89]. In addi-
tion, mouse ATM-/- neural progenitor cells
(NPC) were genetically unstable and prolif-
erated faster than normal NPC [90]. Hande
et al. and Wong et al. pointed out the signif-
icance of ATM for telomere maintenance and
stability, suggesting that ATM deficiency and
telomere dysfunction may act together to re-
duce cell survival [91,92]. The important
function of ATM in telomere protection is
evolutionary conserved: In yeast, the ATM
homologue Tellp activates telomere elonga-
tion [93], and in the fruitfly, ATM deletion
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(tefu; telomere fusion) leads to telomere fu-
sion and apoptosis [94,95]. A kinase dead
ATM mutant induced neuron and glial cell
death in Drosophila brain [96] and radiosen-
sitivity in zebrafish similarly to A-T [97],
while knockdown of ATM in zebrafish em-
bryos impaired their development upon ion-
izing radiation [97,98].

An important contribution to A-T re-
search was the generation of an NBSI
knockout mouse (NBS1-/-), which essen-
tially recapitulated the important motor and
neurological defects of human A-T, along
with microcephaly, growth retardation, neu-
ronal cell proliferation and survival defi-
ciency, and several other non-CNS related
defects of the disease [99,100]. ATM and
NBSI proteins act together during DDR to
DSB, where NBS1 contributes to the acti-
vation of ATM [34,51]. Furthermore, ATM
is required for NBS1 phosphorylation and
activation during S phase, when replication
stress occurs [47]. The neurological findings
of A-T in NBS1-/- mice could therefore
imply an important role for the intra-S
checkpoint in the development of certain
CNS areas and especially for NPC, while the
repair of DSB might be crucial for the sur-
vival of postmitotic neurons during early life
stages. Notably, it seems that ATM likely has
a more important function in human than in
mouse CNS, as ATM-/- mice do not show
the severe neuronal phenotype of A-T. In
agreement to that, Da-Qing Yang et al.
showed that during differentiation of rat
PC12 neuronal cells ATM levels drop, while
they remain the same in human SH-SY5Y
neuron-like cells [68]. These differences be-
tween murine and human neurons indicate
that, while mice are an extremely useful
model to study A-T, the possibility of diver-
sions in the molecular functions of ATM be-
tween the two organisms must be
considered. Nevertheless, studies in older
ATM-/- mice showed that A-T associated
neurological defects occur later in life [101].

Recently, Yamamoto and colleagues
[102], as well as Daniel et al. [103], reported
their attempts to create a kinase dead (kd)
ATM mouse model (ATM kd/kd). The mice
could not be generated by either group, and
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Figure 1. The role of ATM in neuroprotection. During early development, ATM controls
the elimination of dividing NPC with accumulated DNA damage via the induction of apop-
tosis. In the absence of ATM, damaged NPC survive and give rise to dysfunctional postmi-
totic neurons, which eventually degenerate, creating the neuronal abnormalities observed
in A-T. Later in life, ATM functions to protect the non-dividing postmitotic neurons from ox-
idative stress and contributes to the maintenance of neuronal homeostasis.

further investigation revealed that they die in
utero. This is in stark contrast to the ATM-/-
mice, which survive several months after
birth [101]. A dominant negative effect of
ATM kd on active ATM was excluded, as
ATM wt/kd (wild type/kinase dead) het-
erozygous mice were similar to wild type ho-

mozygotes [102,103]. The hypothesis that
ATM kd may interfere with other DNA re-
pair pathways was examined with the use of
double knockout mouse models [103]. How-
ever, these experiments failed to provide a
clear explanation for the early embryonic
death of ATM kd/kd mice. Nonetheless, a de-
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creased ability to repair DSB and increased
genomic instability was detected in ATM
kd/kd lymphocytes and ES cells respectively
[102]. Both studies concluded that a kinase
dead ATM mutant that is expressed in cells
has very different consequences for the cell
than the mere absence of ATM. They show
the importance of an active ATM during em-
bryonic development and possibly provide
an explanation for the low frequency of mis-
sense kinase dead ATM mutations in human
A-T. Finally, these results raise an important
issue regarding unsuspected side effects of
ATM inhibitors used in cancer therapy.

CONCLUSIONS

The importance of ATM in DDR and
genome integrity is conserved and well es-
tablished. Activation of this kinase at ge-
nomic lesions is a nodal point of the DDR
and involves a cascade of protein-protein in-
teractions, complex formations, and phos-
phorylation events, which eventually activate
the cell cycle checkpoints, initiate the repair
of DNA, and decide cellular fate [21,23-
26,36]. However, the function of ATM in the
development and protection of neuronal cells
is not as clear as its role in other cell types.
Clearly, the preservation of neuronal func-
tion requires efficient DNA repair. Hence,
neurodegeneration that occurs in the absence
of ATM and is accompanied by accumula-
tion of DSB and oxidative damage arises at
least in part due to impaired DDR and repair.
On the other hand, an extensive list of publi-
cations describes DDR-independent func-
tions of ATM and provides evidence about
their significance in maintaining neuronal
homeostasis [41,65,67-73,89,104]. Addi-
tional ambiguity arises from the two sides of
ATM activation: protection from stress and
promotion of neuronal survival or initiation
of apoptotic pathways and elimination of a
damaged cell. Given these two seemingly
opposing roles, it is not surprising that there
is such diversity in the cellular effects of
ATM dysfunction. It has been shown that
ATM has a BAX (Bcl2-associated protein
X)-dependent proapoptotic role in mouse de-
veloping CNS [105]. Furthermore, murine
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ATM-/- postmitotic neurons initially develop
normally only to be degenerated during the
first months of life [101,106]. How can the
absence of a proapoptotic protein induce
neuronal death?

This paradox can be explained by con-
sidering a model where ATM initially func-
tions in NPC to eliminate neuronal
precursors with extensive DNA damage,
thereby preventing them from giving rise to
malfunctioning neurons (Figure 1). Thus,
non functional ATM would lead to a survival
of NPC with accumulated DNA damage in
early development, and postmitotic neurons
stemming from such cells may have accu-
mulated genomic lesions and hence have an
increased risk of malfunctioning. The me-
tabolism of such neurons would soon col-
lapse, and these cells would be eliminated
during the first months of their life. Later in
development, the predominant role of ATM
may be the maintenance of neuronal home-
ostasis and preventing oxidative stress in
postmitotic neurons.

Along the line of investigating the im-
portance of ATM kinase activity, a surpris-
ing finding was the phenotype of ATM
kd/kd mice. These mutants are early embry-
onic lethal, thereby revealing a much more
devastating effect of having a kinase dead
ATM in the cells than its complete absence
[102,103]. A suggested explanation for this
phenomenon might be that the absence of
ATM results in suboptimal DDR and repair
of damaged DNA via the activation of alter-
native mechanisms, thereby preventing
lethality. The ATM kd molecules, however,
can still sequester common DDR and repair
factors and can bind to the damaged DNA
[102,103], thus inhibiting other DNA repair
pathways and leading to genomic instabil-
ity, accumulation of DNA damage, and, con-
sequently, cellular death. These studies
highlight the interplay between DDR and di-
verse DNA repair pathways and how tightly
they can be balanced to orchestrate the re-
sponse of cells to genotoxic stress.

In conclusion, there is a plethora of
studies supporting the implication of ATM
in important nuclear and cytoplasmic
processes in neurons, ranging from regula-
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tion of chromatin structures [25.41] to
synaptic vesicle recycling [67]. Recent data
revealing the embryonic lethality of inacti-
vating ATM in mice without disrupting its
expression implies an important role for
ATM kinase activity during early develop-
ment [102,103]. Altogether, the gross neu-
ronal abnormalities in human A-T and the
multitude of ATM neuronal functions sug-
gest that its role in neuroprotection extends
beyond classical DDR. Further investigation
of neuronal ATM both in animal models and
in human cells should reveal if what we cur-
rently see is but the tip of the iceberg.
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