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Progressive accumulation of DNA damage is causally in-
volved in cellular senescence and organismal aging. The DNA
damage kinase ATM plays a central role in maintaining
genomic stability. ATMmutations cause the genetic disorder
ataxia telangiectasia, which is primarily characterized by pro-
gressive neurodegeneration and cancer susceptibility. Al-
though the importance of ATM function to protect against
oxidative DNA damage and during aging is well described, the
mechanism of ATM activation by these stimuli is not known.
Here we identify ATM interactor (ATMIN) as an essential
component of the ATM signaling pathway in response to oxi-
dative stress and aging. Embryos lacking ATMIN (atmin�/�)
died in utero and showed increased numbers of cells positive
for phosphorylated histone H2aX, indicative of increased DNA
damage. atmin�/� mouse embryonic fibroblasts accumulated
DNA damage and prematurely entered senescence when cul-
tured at atmospheric oxygen levels (20%), but this defect was
rescued by addition of an antioxidant and also by culturing
cells at physiological oxygen levels (3%). In response to acute
oxidative stress, atmin�/� mouse embryonic fibroblasts
showed slightly lower levels of ATM phosphorylation and re-
duced ATM substrate phosphorylation. Conditional deletion
of ATMIN in the murine nervous system (atmin�N) resulted in
reduced numbers of dopaminergic neurons, as does ATM defi-
ciency. ATM activity was observed in old, but not in young,
control mice, but aging-induced ATM signaling was impaired
by ATMIN deficiency. Consequently, old atmin�N mice
showed accumulation of DNA damage in the cortex accompa-
nied by gliosis, resulting in increased mortality of aging mu-
tant mice. These results suggest that ATMINmediates ATM
activation by oxidative stress, and thereby ATMIN protects the
aging brain by preventing accumulation of DNA damage.

Genomic instability plays a causative role in both cellular
senescence and organismal aging (1, 2). Cytotoxic DNA le-
sions arise during normal metabolism due to the production

of reactive oxygen species (ROS).2 At the cellular level, the
persistence of foci of serine 139-phosphorylated H2aX
(�H2aX) is often used to define the sites of DNA damage.
�H2aX levels are increased in senescing cells due to the in-
creased production of ROS combined with a reduced capacity
to repair damaged DNA. Culturing of mouse embryonic fi-
broblasts (MEFs) in the presence of atmospheric oxygen levels
of 20% leads to senescence, but the proliferative potential of
MEFs can be extended by culturing them under physiological
oxygen conditions (3%) (3). DNA damage has also been ob-
served to increase severely during aging. Consequently, a high
incidence of �H2aX foci is found in tissues from aging indi-
viduals and cells from patients with accelerated aging disor-
ders such as Werner syndrome (4, 5). At the organismal level,
certain tissues are particularly vulnerable to DNA damage
such as the immune system where double-strand breaks are
generated during somatic recombination, a process that in-
volves ataxia telangiectasia mutated (ATM) function (6, 7). In
the nervous system, which consumes �20% of the total in-
haled oxygen, long-lived neurons have high rates of transcrip-
tion and produce ROS that can also damage DNA. If unre-
paired, such damage poses critical threats to genomic stability
and cellular viability.
DNA damage leads to the activation of ATM, which is a

member of the phosphoinositide 3-kinase (PI3K)-related pro-
tein kinase family that includes ATM and Rad3-related (ATR)
and the catalytic subunit of DNA-dependent protein kinase
(DNA-PKcs) (8, 9). Once activated, ATM orchestrates the
cellular response by phosphorylating numerous substrates in
what is known as the DNA damage response (10). Activation
of this signaling cascade is dependent on a heterotrimeric
complex consisting of MRE11, Rad50, and NBS1 (MRN).
MRN has been shown to sense the presence of chromatin
changes and subsequently binds to and processes the dam-
aged DNA ends facilitating recruitment of further substrates
(11, 12). NBS1 serves as both a key substrate and an essential
adapter required for ATM association at the break, facilitating
the unwinding and nuclease activities of the MRN complex
(13). The purpose of this intricate signaling network is to en-
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sure cell survival by halting the cell cycle while the damage is
repaired (14). Alternatively, in the presence of excessive dam-
age, this pathway may culminate in the activation of pro-
grammed cell death to maintain genomic integrity.
ATM is inactivated in the genomic instability disorder

ataxia telangiectasia (A-T), the classical hallmarks of which
are neurodegeneration, cancer predisposition, premature ag-
ing, immunodeficiency, and genomic instability (15, 16). Cells
from A-T patients exhibit chromosomal instability, prema-
ture senescence, and show severe sensitivity to agents that
induce double-strand breaks (17, 18). Similarly to its role in
proliferating cells, ATM is also required for the DNA damage
response in postmitotic cells, with severe vulnerability to oxi-
dative damage and a defective DNA damage response being
responsible for the compromised organ homeostasis associ-
ated with A-T. The neurodegeneration in A-T patients mani-
fests as progressive degeneration of Purkinje cells in the cere-
bellar cortex along with the gradual loss of dopaminergic
neurons in the substantia nigra pars compacta (19). Although
mouse mutants of ATM do not recapitulate the cerebellar
degeneration, ATM deficiency has been shown to be associ-
ated with increased levels of reactive oxygen species in Pur-
kinje cells, correlating with a progressive deterioration of the
redox balance in mutant mice (20–23) and compromised an-
tioxidant systems (24). Furthermore, an age-dependent reduc-
tion in the number of dopaminergic neurons present in the
substantia nigra and striatum has been observed in ATM�/�

mice, which was accompanied by severe gliosis (22) suggest-
ing that ATM-deficient mice may model some of the neuro-
logical defects observed in A-T.
Studies using primary cells have reported that ATM defi-

ciency is associated with premature aging attributed to the
accumulation of oxidative damage in the brain (25). It is clear
that diminished DNA repair combined with the chronic expo-
sure to DNA damage is responsible for the neurodegeneration
and premature aging associated with A-T. These observations
are suggestive of a crucial role played by ATM in maintaining
brain homeostasis.
Hypomorphic mutations in MRN components NBS1 and

MRE11 are associated with genetic disorders Nijmegan break-
age syndrome (NBS) and the A-T-like disorder, respectively
(26, 27). Although these disorders are distinct from A-T, they
share many clinical phenotypes and cellular features reflecting
the roles played by these proteins in regulating ATM function
(28). Although neurogenesis is largely normal in the absence
of ATM, mice with a neural-specific deletion of NBS1 develop
microcephaly and apoptosis of postmitotic cerebellar neurons
leading to ataxia (16). Thus the functions of ATM and NBS1
in the murine brain are not fully congruent.
Although NBS1/MRN is required for ATM activation by

double-strand breaks, we have previously shown that an alter-
native cofactor, ATM interactor (ATMIN, also known as
ASCIZ), is required for ATM signaling in response to agents
that induce chromatin changes such as chloroquine or os-
motic stress (29). ATM levels are reduced in the absence of
ATMIN and downstream substrate phosphorylation is com-
promised in response to these stimuli. Thus NBS1 and
ATMIN mediate ATM activation in response to distinct stim-

uli (30). Although ATM activation in cultured cells by chloro-
quine or osmotic stress is rather artificial, we now identify
oxidative stress as a stimulus that requires ATMIN for full
ATM activation. ATMIN-deficient cells proliferate normally
under physiological conditions but enter senescence prema-
turely in response to oxidative damage, similar to what was
previously reported for ATM-deficient cells. Similarly, mice
with CNS-specific deletion of ATMIN are growth retarded,
and exhibit cortical neurodegeneration as well as a significant
loss of dopaminergic neurons in the substantia nigra. Taken
together, these results suggest that ATMIN contributes to
some of the neuroprotective functions of ATM.

EXPERIMENTAL PROCEDURES

Mice—Mice with a targeted mutation of the atmin gene
were generated by insertion of lox P sequences upstream and
downstream of exon 4 of atmin (ATMINF) in ES cells, injec-
tion of ATMINWT/F ES cells into blastocysts, and mating of
the resulting chimera. After germline transmission of the
targeted locus, the ATMINF/� was removed using germline
deleting 3-phosphoglycerate kinase-cre transgenic mice. Het-
erozygous atmin�/� mice are viable and fertile. For cre-medi-
ated deletion of atmin in the CNS, ATMINF/F mice were
crossed with mice expressing cre under the control of the rat
nestin promoter, designated ATMIN�N. Animals were main-
tained and bred in specific pathogen-free facilities. Nestin-cre
efficiency and genotyping of mice was determined using a
PCR based assay using primers specific for the floxed exon 4,
deleted exon 4, and WT atmin alleles using the primers:
Lox6133F, 5�-TCAGCATCTTCTCCAGAGAGACAG-3�,
Lox6617R, 5�CACATGTGTACAGCACATTCATTG-3�,
Lox10252R, 5�-CTCAGGGTACACATACTATGCTTGC-3�.
Cell Culture and Treatment—MEFs were derived from

E12.5 embryos resulting from heterozygous atmin�/� inter-
crosses as described previously (50). ATMIN�/� and AT-
MIN�/� fibroblasts were cultured in DMEM supplemented
with 10% FCS. Cells were cultured at 37 °C with 5% CO2 and
either 3 or 20% oxygen. In some cases cells were treated with
100 �M NAC during the course of the experiment or with 10
�M paraquat for 10 h. IR experiments were performed using a
Cs137 Gamma Irradiator at 2.1 gray/min. For cell cycle profil-
ing, cells were stained with Hoechst and analyzed using a BD
Biosciences FACScan. Cell viability was determined by trypan
blue exclusion.
Western Blotting—Cells and tissues were extracted in RIPA

lysis buffer (New England Biolabs) supplemented with prote-
ase inhibitors (Sigma). Western blots were performed using
standard procedures. Protein samples were separated by SDS-
PAGE, and subsequently transferred onto PVDF membranes.
The following antibodies were used: pS1981-ATM
(10H11.E12 Cell signaling), ATM (2C1, Santa Cruz), p53
(DO-1, Santa Cruz), pS15-p53 (Cell signaling), P21 (C19,
Santa Cruz), pS824-Kap1 (Bethyl Laboratories), Kap1 (Bethyl
Laboratories), �-actin (A5060, Sigma), pS957-SMC1
(5D11G5, Millipore), SMC1 (AB3908, Millipore), pT68-Chk2
(Cell Signaling), Chk2 (clone 7, Millipore), and HRP-conju-
gated goat anti-mouse/rabbit IgG (Sigma). All primary anti-
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bodies were used at 1:1000 dilution and secondary antibodies
at 1:2000.
Immunohistochemistry and in Situ Hybridization—Tissue

was fixed overnight in 10% neutral buffered formalin, briefly
washed with PBS, and transferred into 70% ethanol, pro-
cessed, and embedded into paraffin. Sections were cut at 4
�m for hematoxylin and eosin staining and immunohisto-
chemistry. Antibodies used were tyrosine hydroxylase (ab152,
Millipore, 1:300), glial fibrillary acidic protein (Z0334, Dako,
1:750), ionized calcium-binding adaptor molecule (IBA1)
(019-19741, WAKO, Germany, 1:25), NeuN (MAB377, Milli-
pore, 1:400), �M (MCA74, Serotec, 1:5000), �X (clone N418,
Pierce, 1:200), P53 (NCL-p53-CM5p, Novacastra, 1:300),
pS957-pSMC1 (5D11G5, Millipore, 1:100), pS139-�H2aX
(ab2893, Abcam, 1:100), pS1981-ATM (ab2888, Abcam,
1:250), and ATMIN (JCRO1, made in house at Cancer Re-
search UK, 1:300). Samples analyzed for ATMIN RNA by in
situ hybridization were processed as described above by the
Experimental Pathology Laboratory service lab at the London
Research Institute.
Immunofluorescence—Primary MEFs were adhered onto

slides and treated as indicated and fixed with 4% PFA. Anti-
bodies used were pS139-�H2aX (JBW301, Millipore, 1:400),
pS1981-ATM (10H11.E12, Cell signaling, 1:200), pS957-
pSMC1 (5D11G5, Millipore, 1:100), and FITC/Cy3-conju-
gated goat anti-mouse/rabbit IgG (H&L, Jackson, 1:400). For
detection of senescence-associated �-galactosidase, cells were
fixed and stained according to the manufacturer’s instructions
using the histochemical staining kit (CS0030, Sigma).
Open Field—Open field activity was assessed at 6–8 weeks

of age using the HVS Image tracking software (HVS Image
2100, Hampton, UK). Mice were individually placed in a
square wooden arena (45 � 45 � 30 cm) that had a base cov-
ered in sawdust. Each mouse was released into a corner of the
box and was allowed to explore for 5 min. The tracking sys-
tem recorded path length, % time moving, and % time spent
in the center.
Rotarod—The rotarod apparatus (Accelerating Model, Ugo

Basile, Italy) was used to measure fore- and hindlimb motor
coordination and balance. Mice were trained at 6–8 weeks of
age and received three trials per day with an inter-trial inter-
val of 1 h for 3 consecutive days. The rod accelerated from 5
to 60 rpm over a period of 600 s and the latency to fall was
recorded.

RESULTS

ATMIN-deficient Cells Exhibit Increased Susceptibility to
Oxidative DNA Damage—To understand the physiological
function of ATMIN, we generated an ATMIN conditional
allele that allows for tissue-specific ATMIN inactivation. Exon
4 of ATMIN, which encodes a large proportion of the
ATMIN protein (amino acids 217–818), was flanked with
loxP sites (supplemental Fig. S1A). Floxed ATMIN mice
(ATMINF) were crossed with mice expressing cre recombi-
nase under the control of the 3-phosphoglycerate kinase pro-
moter (31), which resulted in germline deletion of ATMINF,
yielding the ATMIN� allele. Complete absence of ATMIN in
ATMIN�/� homozygous mice resulted in embryonic lethality

at around E16.5, at which stage ATMIN-mutant embryos ex-
hibited drastic craniofacial defects and midbrain exencephaly
(Fig. 1A and supplemental Fig. S1, B–D). As ATMIN is a reg-
ulator of ATM function, we investigated the extent of DNA
damage in ATMIN-mutant embryos. ATMIN�/� mice exhib-
ited an increased accumulation of Ser139-phosphorylated
H2aX (pS139-�H2aX) in the midbrain, suggesting the pres-
ence of persistent DNA damage during development in the
absence of ATMIN.
To study the role of ATMIN in physiological DNA damage

more closely, we isolated primary MEFs from ATMIN�/� and
control E12.5 embryos, and cultured them for up to 4 pas-
sages at both physiological (3%) and atmospheric (20%) oxy-
gen levels. ATMIN-deficient fibroblasts showed normal cell
cycle profiles (supplemental Fig. S2) and proliferated normally
at early passage (P2) (Fig. 1B). However, following continued
culture to P4, mutant MEFs displayed reduced proliferation
both at 3 and 20% oxygen (Fig. 1B). Thus the absence of
ATMIN appears to reduce the proliferation of MEFs after
prolonged culture. Quantification of the extent of DNA dam-
age by immunofluorescence using pS139-�H2aX and another
marker of double breaks, pS957-SMC1, revealed minimal
DNA damage at early passage in ATMIN�/� and control
MEFs, but passage 4 (P4) ATMIN-deficient MEFs showed
higher levels of DNA damage when cultured in a high oxygen
environment (Fig. 1C and supplemental Fig. S3).
Oxidative stress is believed to contribute to cellular aging

(32) and the accumulation of DNA damage often precedes the
entry of cells into a state of senescence. Consequently, we ob-
served that ATMIN deficiency resulted in increased levels of
senescent cells as marked by the higher levels of senescence-
associated �-galactosidase staining in mutant MEFs (Fig. 2A).
p21 levels are known to be up-regulated during senescence
(33), and we observed elevated p21 levels when ATMIN-defi-
cient MEFs were cultured at high oxygen concentrations (Fig.
2B). Because the premature entry into senescence of ATMIN-
deficient MEFs was triggered by increased oxygen concentra-
tions, we assessed whether the premature senescence was due
to oxidative DNA damage. The thiol-containing antioxidant
N-acetyl-L-cysteine (NAC) is readily taken up by cells and has
been shown to detoxify reactive oxygen species (34). Dietary
supplementation with NAC has also been shown to suppress
development of lymphomas in ATM-deficient mice (35). Cul-
turing atmin�/� MEFs in the presence of 100 �M NAC res-
cued the increased senescence of mutant MEFs indicating a
function for ATMIN in the prevention of senescence by in-
hibiting the accumulation of oxidative damage (Fig. 2C).

Next, we investigated DNA damage signaling in ATMIN-
deficient MEFs. In control MEFs cultured at high oxygen con-
centrations up to passage 4, active ATM phosphorylated at
serine 1987 (pS1987-ATM) was efficiently recruited to sites of
DNA damage marked by pS139-�H2aX. In contrast, in
ATMIN-deficient cells, pS1987-ATM failed to be recruited to
35% of pS139-�H2aX foci (Fig. 2D). It is noteworthy that
whereas the numbers of pS139-�H2aX foci was greatly in-
creased, the total number of P-ATM foci was not altered in
atmin�/� MEFs (Fig. 2D), suggesting that ATM recruitment
to some sites of DNA damage was compromised.
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As ATMIN appeared to play a role in ATM function in re-
sponse to chronic oxidative damage, we next looked at a pos-
sible role for ATMIN in signaling in response to acute oxida-
tive damage. In cells, the herbicide paraquat gets converted
into free radicals, which react with molecular oxygen produc-
ing superoxide anions and hydrogen peroxide (36). Paraquat
treatment induced ATM activation as judged by phosphoryla-
tion at serine 1987, but several other aspects of ATM signal-
ing induced by paraquat were unexpected. Strikingly total
ATM protein levels were reduced by paraquat treatment in
both control and ATMIN-mutant cells. Quantification re-
vealed a slight decrease in the extent of phosphorylation of
some ATM substrates such as pS824-Kap1 and pS18-p53 (Fig.
2E and Table 1). These results suggest that ATMIN appears
to be largely dispensable for ATM signaling during acute oxi-
dative stress induced by paraquat, but conversely ATMIN is
required for ATM signaling triggered by chronic oxidative
stress.
Morbidity of Aging ATMIN�N Mice—The nervous system is

highly susceptible to oxidative damage as the brain consumes
high amounts of oxygen (37). The accumulation of free radi-
cals as a by-product of oxidative stress has been implicated in
the neurodegenerative changes associated with A-T as well as
during aging.
Hence to further investigate ATM regulation by ATMIN,

floxed atmin (atminF) mice were crossed with Nestin-cre
mice, which have previously been shown to result in gene in-

activation in the central nervous system (38). These mice
were designated ATMIN�N mice. ATMIN was highly ex-
pressed throughout the mouse brain, but atminF deletion was
efficient as judged by in situ hybridization and immunohisto-
chemistry (Fig. 3A and supplemental Fig. 4). ATMIN�N mice
were viable and were born with Mendelian frequency but
showed a reduction in weight that was apparent from the first
weeks after birth onwards (Fig. 3, B and C). Both male and
female adult ATMIN�N mice were fertile and appeared
healthy.
To investigate more closely a potential function of ATMIN

during neurogenesis, motor activity and anxiety levels of the
ATMIN mice were assessed using the open field task.
ATMIN-deficient mice were hyperactive as they moved a sig-
nificantly greater distance than their littermate controls (t13 �
2.2, p � 0.05) but spent only slightly more time moving
around the arena (t13 � 1.5, not significant; Table 2). Another
aspect of this task is to assess anxiety levels. Mice that are
more anxious will spend significantly less time in the bright
center of the box compared with the darker, safer periphery of
the box. We found that ATMIN�N mice had normal anxiety
levels as there was no significant difference between geno-
types in the time they spent in the center of the arena (t13 �
1.6, not significant; Table 2).
We next tested motor coordination using the accelerat-

ing rotarod. Mice were trained with 3 trials/day for 3 days
and the latency to fall from the rod was recorded. Both

FIGURE 1. Accumulation of DNA damage in ATMIN-deficient embryos and cells. A, H&E staining of sagittal sections through E12.5 ATMIN�/� and
ATMIN�/� embryonic brains and high magnification of the indicated region. Lower panel shows pS139-�H2aX staining of a representative region and the
histogram shows quantification of cells with pS139-�H2aX foci staining, n � 3. B, ATMIN�/� and ATMIN�/� fibroblasts were cultured at 3 or 20% oxygen for
either 2 (P2) or 4 (P4) passages and a growth curve was performed to monitor cell proliferation. C, cells were cultured as above for 4 passages followed by
fixation with 4% PFA and staining for pS139-�H2aX. The percentage of positive cells was quantitated.
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groups of mice improved over the course of the training
period and although there was a trend for the ATMIN mice
to have enhanced performance in this task it did not reach
significance (effect of day, F2,26 � 29.0, p � 0.001; effect of
genotype, F1,13 � 3.3, p � 0.09; genotype � day interac-
tion, F2,26 � 0.8, not significant; Table 2). These results
show that the ATMIN-deficient mice are hyperactive but

have normal motor coordination and anxiety levels, argu-
ing against a profound function of ATMIN during brain
development.
However after 1 year ATMIN�N mice showed increased

morbidity and died significantly earlier than their littermates
(Fig. 3D). Thus absence of ATMIN in the brain reduces the
lifespan of aging mice.

FIGURE 2. ATMIN�/� fibroblasts are highly susceptible to oxidative damage and exhibit aberrant DNA damage signaling. A, ATMIN�/� and ATMIN�/�

fibroblasts were cultured at 3 or 20% oxygen for 1 passage (P1) or up to 4 passages (P4). Cells were fixed and stained for senescence-associated �-galacto-
sidase. The histogram shows quantification of staining. B, ATMIN�/� and ATMIN�/� fibroblasts were treated as in A for 48 h following which cells were har-
vested and proteins were blotted for p21. C, ATMIN�/� and ATMIN�� fibroblasts were treated as in A for 4 passages either in the absence or presence of 100
�M NAC. Cells were fixed and stained with senescence-associated �-galactosidase and the percentage of positive cells was counted. The histogram shows
quantification from two experiments. D, ATMIN�/� and ATMIN�� fibroblasts were cultured at 20% oxygen for 4 passages followed by fixation with 4% PFA
and staining with pS139-�H2aX and pS1987-ATM. Colocalizing and noncolocalizing foci are indicated by yellow and white arrowheads, respectively. The
histogram shows quantification of the percentage of pS139-�H2aX-positive cells that do not have colocalizing pS1987-ATM foci. E, ATMIN-deficient fibro-
blasts display reduced DNA damage signaling in response to treatment with paraquat. Cells were treated with 10 �M paraquat for 10 h and cell extracts
were blotted for pS1987-ATM, ATM, pS824-Kap1, Kap1, pS15-P53, P53, pT68-Chk2, Chk2, and �-actin.
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ATMIN Deficiency in the CNS Causes Neuronal Loss—To
determine the cause of premature death of ATMIN�N mice,
we examined the brains of ATMIN�N mice. The overall mor-
phology and gross histology of ATMIN�N brains was normal,
arguing against an important role for ATMIN in neurogenesis
(supplemental Fig. S5). Dopaminergic neurons in the substan-
tia nigra have a high metabolic rate and are hence particularly
vulnerable to the accumulation of oxidative DNA damage.
ATM deficiency in mice leads to a degeneration of this popu-
lation of cells. We observed a partial, but significant reduction
in the number of tyrosine-hydroxylase positive dopaminergic
neurons present in the substantia nigra pars compacta in
ATMIN�N mice (Fig. 3E). This indicates that the integrity of
these neurons is partially dependent on the presence of
ATMIN.
Whereas young ATMIN�N mice appeared healthy, aging

mutant mice died earlier, indicating that ATMIN may coun-

teract the aging process. To determine the cause of premature
death of ATMIN�N mice, we examined the brains of
ATMIN�N mice at young (2 months) and old (18 months)
age. Because ATMIN was highly expressed in the cortex, we
decided to look specifically at the consequence of ATMIN
deletion in this region. The overall cellularity throughout the
cortex of young ATMIN-deficient brains was normal (Fig.
4A). However, the number of NeuN-positive neurons was
significantly decreased in the cortex of aged surviving
ATMIN�N mice (Fig. 4B). Around 26% of the neurons were
lost in the aged mutant cortex, compared with only 4% loss in
control mice (Fig. 4B). In the ATMIN-deficient cortex consid-
erable glial fibrillary acidic protein staining was detectable
indicative of reactive gliosis in this region (Fig. 4C). Microglial
activation often accompanies the induction of oxidative stress
in mouse models of neurodegenerative disease (39, 40). Con-
sequently, increased Iba1 staining, which marks activated mi-
croglial cells, was present throughout the cortex of old
ATMIN�N mice (Fig. 4D). The hallmarks of cellular stress
were not confined to the cortex. Cells expressing �M and �X
integrin subunits, which mark activated and phagocytic mi-
croglia, respectively, were both significantly up-regulated
throughout the midbrain of ATMIN�N mice (supplemental
Fig. S6, A–C). Additionally, reactive astrocytic gliosis was also
identified throughout the midbrain of ATMIN-deficient mice
(supplemental Fig. S6D). These results suggest that ATMIN

FIGURE 3. Characterization of ATMIN�N mice. A, in situ hybridization for ATMIN demonstrates its normal localization throughout the cortex, hippocampus,
and dentate gyrus. The signal is significantly diminished in the brains of ATMIN�N mice. B, representative pictures of ATMINF/F and ATMIN�N mice at 3
months of age demonstrating severe growth retardation. C, ATMIN�N mice exhibit reduced body weight from birth. A cohort of ATMINF/F and ATMIN�N

mice were weighed weekly over a period of 7 weeks. n � at least 10 mice per genotype. D, Kaplan-Meier curve for survival of ATMIN�N mice over a period of
18 months. E, sections through the substantia nigra pars compacta of ATMINF/F and ATMIN�N mice were stained with anti-tyrosine hydroxylase antibody to
measure the number of dopaminergic neurons in this region. The density of tyrosine hydroxylase-positive cells was counted and corrected using Aber-
crombie correction.

TABLE 1
Quantification of extent of ATM signaling in response to paraquat
treatment

Phosphorylated/
unphosphorylated ratio

ATMIN�/� ATMIN�/�

Untreated Paraquat Untreated Paraquat

ATM 0.49 1.27 0.04 3.95
Kap1 0.09 1.16 0.04 1.77
p53 0.02 0.68 0.04 1.77
Chk2 0.00 0.26 0.00 0.35
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deficiency causes neuronal demise and subsequent premature
death.
Increased DNA Damage Signaling throughout the Cortex of

ATMIN�N Mice—DNA damage accumulates in the aging
brain and has also been suggested to contribute to several
neurodegenerative disorders (41). Furthermore, ATM activa-
tion has been shown to increase with age (42). Having ob-
served that ATMIN deficiency was associated with defects in
the response to oxidative DNA damage in fibroblasts, we in-
vestigated ATM signaling in young and aged mice. In the cor-
tices of young adult mice, there were only few cells exhibiting
signs of DNA damage as judged by H2aX phosphorylation
(pS139-�H2aX). Accordingly, there were moderate levels of
active phosphorylated ATM (pS1987-ATM), and the numbers
of cells positive for the ATM substrate phosphorylated SMC1
(pS957-SMC1) and expressing p53 protein were low. Impor-
tantly, there were no significant differences between control
and ATMIN-mutant young mice (Fig. 5A). As previously de-
scribed, ATM activation increased with age in control ani-
mals, however, this occurred to a lesser extent in ATMIN�N

mice, indicating that ATMIN contributes to ATM activation
during organismal aging. This deficit in ATM activation was
accompanied by substantial increases in neurons positive for

pS139-�H2aX (Fig. 5B and supplemental Fig. S7). Probably as
a result of persistent DNA damage, pS957-SMC1 levels were
increased and p53 protein was stabilized (Fig. 5B). The de-
crease in the levels of pS1987-ATM and the increase in SMC1
phosphorylation and p53 protein were confirmed by Western
blotting using extracts isolated from control and mutant cor-
tices (Fig. 5C). Because ATM deficiency in mice results in ac-
cumulation of oxidative DNA damage (43), these findings are
consistent with the notion that ATMIN contributes to ATM
activation and function in the aging brain.

DISCUSSION

This study demonstrates a role for ATMIN in regulating
ATM function in counteracting oxidative DNA damage.
ATMIN is required for ATM signaling in response to oxida-
tive damage in both cultured cells and in the nervous system.
ATMIN�N mice partially phenocopy many of the defects as-
sociated with ATM deletion. Similarly to ATMmutant mice,
mice lacking the cofactor ATMIN in neurons develop a signif-
icant reduction in the number of dopaminergic neurons in the
substantia nigra. Furthermore, ATMIN�N mice exhibit pro-
gressive cortical degeneration. Taken together, these results
suggest that in the nervous system, ATMIN contributes to
DNA damage signaling through regulation of ATM.
ATMIN Is Required for Signaling the Presence of Oxidative

Damage—Mice deficient in components of the DNA damage
response are particularly vulnerable to genomic instability.
Seckel mice, which carry a mutation in the ATR gene, exhibit
activation of the DNA damage response in the developing
embryo (44). This has been attributed to the accumulation of
extensive replicative stress during embryogenesis when prolif-
eration is widespread. We have observed that germline dele-
tion of ATMIN is lethal at around E16.5 with mice exhibiting

FIGURE 4. Increased neurodegeneration in ATMIN�N brains. A, H&E stain of coronal sections through the midbrain of 18-month-old ATMINF/F and
ATMIN�N mice showing similar morphology. B, sections from 2- and 18-month-old ATMINF/F and ATMIN�N mice were stained with NeuN to quantify neuro-
nal density. The percentage loss in neuronal density through the cortex of ATMINF/F and ATMIN�N mice was calculated. C, sections from 18-month-old mice
were stained with anti-glial fibrillary acidic protein antibody to measure astrocytic gliosis and with anti-Iba1 antibody for activated microglia (D). All num-
bers were corrected using the Abercrombie method. The histograms represent the quantification of staining from three mice.

TABLE 2
Movement and anxiety behavior of ATMIN mice

ATMINF/F (n � 8) ATMIN�/N (n � 7)

Open field behavior
Path length (m) 11.6 	 2.1 16.7 	 0.7
% Time moving 70.7 	 5.8 79.9 	 0.7
% Time in center 24.2 	 5.5 13.5 	 3.6

Rotating rod performance
Day 1 120 	 13 163 	 36
Day 2 201 	 23 225 	 56
Day 3 230 	 27 285 	 57
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a number of craniofacial defects and severe midbrain exen-
cephaly (Fig. 1A and supplemental Fig. S1). It is noteworthy
that deletion of the other ATM cofactor NBS1 also results in
early embryonic lethality (45). Thus both ATMIN and NBS1
must have ATM-independent functions.
We decided to look at the cause of death by examining

ATMIN�/� embryos earlier on during gestation. At E12.5
ATMIN�/� mice showed high levels of pS139-�H2aX staining
in the midbrain indicating the presence of persistent DNA
damage (Fig. 1A). This suggested that ATMIN is required to
maintain genomic stability during embryonic development.
To study the precise requirement for ATMIN more closely,
we isolated MEFs from E12.5 embryos and cultured them at
both physiological and high oxygen conditions (Figs. 1C and
2A). ATMIN-deficient fibroblasts exhibited severe vulnerabil-
ity to oxidative stress, accumulating higher levels of DNA
damage before entering into a state of premature growth ar-
rest. ATM-deficient fibroblasts also possess a limited prolifer-
ation potential in culture, entering senescence at an earlier
passage than normal cells (18, 25). The protein levels of the
CDK inhibitor p21 are elevated in ATM-deficient cells (46),
and we found the same to be true for ATMIN deficiency (Fig.
2B). The rescue of premature senescence by culturing AT-
MIN-deficient fibroblasts in the presence of 100 �M NAC
(Fig. 2C) suggests a protective role for the cofactor in regulat-
ing ATM activation in response to oxidative damage.
Regulation of ATM Signaling following Chronic Oxidative

Damage—We have previously demonstrated that ATMIN is
required for ATM substrate phosphorylation in response to
signals that induce changes in chromatin structure such as
chloroquine (29). We now demonstrate that ATMIN contrib-
utes to ATM signaling in response to chronic oxidative dam-
age (Fig. 2D). Having observed that the extent of pathway ac-
tivation is compromised in the absence of ATMIN, we looked
at the long-term consequence of this reduced response in the

brain. Postmitotic neurons in the CNS accumulate excessive
damage throughout their extended life. ATM levels were re-
duced in the cortex of 18-month-old ATMIN-deficient mice,
however, substrate phosphorylation was increased (Fig. 5,
A-C). This most likely reflects the activation of parallel path-
ways such as ATR signaling by the accumulated DNA dam-
age. It is likely that the increased DNA damage throughout
the cortex of atmin�N animals is causally involved in neuro-
degeneration and subsequent death.
ATMIN Deletion Phenocopies Other Genomic Instability

Syndromes—A functional MRN complex is known to be re-
quired for coordinating efficient detection, signaling, and re-
pair of double-strand breaks by mediating ATM recruitment
to the site of damage via association with the C terminus of
NBS1 (47). The primary neurological phenotype associated
with A-T is the progressive degeneration of Purkinje neurons
in the cerebellum leading to early-onset ataxia. This is
thought to be a direct consequence of a diminished response
to DNA damage. Mutations in components of the MRN com-
plex are also often associated with genomic instability disor-
ders. MRE11 deletion mimics several indices that are associ-
ated with ATM deficiency including progressive cerebellar
degeneration (27). Moreover, defective DNA damage signal-
ing has been shown to be responsible for damage to both the
cerebellum and cerebral cortex in several other human neuro-
degenerative disorders (48). ATMIN deficiency also recapitu-
lates some of the features that are associated with such syn-
dromes (Fig. 3). ATMIN�N mice are severely growth retarded,
as has been observed for mice carrying germline deletions in
ATM and ATR as well as a CNS specific deletion of NBS1.
This weight loss has been attributed to the accumulation of
DNA damage and strengthens the suggestion that all these
disorders are caused by compromised DNA damage signaling.
Mouse models of A-T manifest a predisposition to cancer

causing subsequent early death, which prevents the analysis of

FIGURE 5. Aging related DNA damage signaling in ATMIN-deficient mice. Mice were sacrificed at 2 (A) or 18 months (B) of age and coronal sections
through the cortex were cut. Representative sections were stained with pS1987-ATM, pS957-SMC1, pS139-�H2aX, and p53 and the percentage of positive
cells in an equivalent area was counted. Cells positive for pS1987-ATM are highlighted with red arrowheads. The histograms represents the mean percent-
age of positive cells from three to five mice. C, the brains of the aged mice in B were lysed and proteins were blotted for pS1987-ATM, ATM, pS957-SMC1,
SMC1, pS15-p53, p53 and �-actin.
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ATM function in the aging brain. Notwithstanding, mouse
models of ATM deficiency do possess mild degenerative
changes in the cerebral cortex and other brain regions (22,
49). In line with this, upon closer examination we observed
that ATMIN�N mice also exhibit progressive neurodegen-
eration (Fig. 4). These results further strengthen the sugges-
tion that ATMIN plays a preventative role against the accu-
mulation of DNA damage and thus neurodegeneration in the
mouse brain.
An additional feature of human A-T that is recapitulated in

both ATM- and ATMIN-deficient mice is the reduction in the
number of tyrosine hydroxylase positive, dopaminergic nigro-
striatal neurons (Fig. 3E) (21, 22). As withmany other neurode-
generative disorders including Parkinson disease, oxidative stress
has been implicated as the primary cause of cell loss in this meta-
bolically active compartment. This is evidenced by both the re-
duced antioxidant capacity, as well as the increased levels of reac-
tive oxygen species in the brains of affected individuals.
The pathological changes observed in the brains of

ATMIN�N mice are most likely attributable to diminished
ATM levels, causing both the neurodegenerative changes ob-
served throughout the cortex and degeneration of dopaminer-
gic neurons in the substantia nigra. Taken together, our re-
sults are in agreement with the notion that ATMIN
contributes to physiological ATM function in the CNS.
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