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ARTICLE INFO ABSTRACT

Keywords: The Ataxia-telangiectasia mutated (ATM) kinase responds to DNA double-strand breaks and other forms of
Ataxia cellular stress, including reactive oxygen species (ROS). Recent work in the field has uncovered links between
Mitochondria mitochondrial ROS and ATM activation, suggesting that ATM acts as a sensor for mitochondrial derived ROS and
E?\I?fi:;a(zfygen species regulates ROS accumulation in cells through this pathway. In addition, characterization of cells from Ataxia-

telangiectasia patients as well as ATM-deficient mice and cell models suggest a role for ATM in modulating

mitochondrial gene expression and function. Here we review ROS responses related to ATM function, recent
evidence for ATM roles in mitochondrial maintenance and turnover, and the relationship between ATM and
regulation of protein homeostasis.

1. Introduction

Ataxia-Telangiectasia Mutated (ATM) is a serine/threonine-specific
protein kinase in a family of large, phosphatidylinositol 3-kinase-like
kinases (PIKKs) [1]. Patients with the rare, autosomal recessive A-T
disorder lack functional ATM kinase due to nonsense or missense mu-
tations in the ATM gene [2] and exhibit progressive cerebellar neuronal
degeneration, ataxia, immunodeficiency, increased risk of cancer, as
well as metabolic deficiencies [3]. ATM is activated by DNA double
strand breaks (DSBs) and phosphorylates many proteins involved in
DNA repair, cell cycle checkpoints, and apoptosis [3-5]. Although DNA
damage is a primary source of its activation, ATM can also be activated
by reactive oxygen species (ROS) independently from the DNA DSBs
[4,6]. In this review, we focus on the functions of ATM in cellular re-
sponses to ROS and in recent insights into the relationships between
ATM activation and mitochondrial function, oxidative stress, and pro-
tein aggregation.

1.1. Cellular responses to oxidative stress

Oxidative stress comes from an imbalance between the generation
of free radicals by cellular aerobic metabolism and the capacity for
removal of these species. The predominant intracellular free radical
ROS species include superoxide (O,™), hydroxyl radicals (HO"), and
nitric oxide (NO’), in addition to the more stable oxygen species hy-
drogen peroxide (H>0O,) and peroxynitrite (ONOO") [7-9]. These ROS
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are produced predominantly during mitochondrial oxidative metabo-
lism as well as during mixed-function oxidation by enzymes in the
endoplasmic reticulum, and by enzymes catalyzing 3-oxidation of fatty
acids in the peroxisome. ROS can also be generated by exogenous
sources such as xenobiotics, y-irradiation, UV-irradiation, heavy metals,
and pollutants [9,10].

The presence of these ROS molecules presents cellular challenges as
their high reactivity can lead to the oxidative modification of many
cellular components. ROS can generate DNA damage by reacting with
the sugar phosphate backbone and pyrimidine bases, causing DNA
breaks and base modifications [9,11]. ROS is also associated with cell
death through a variety of mechanisms including caspase-dependent
apoptosis pathways, as well as with necroptosis, which can be induced
by disruption of membrane ion gradients followed by rupture of the
plasma membrane after lipids in the membrane are attacked by free
radicals [12,13].

To regulate ROS levels, eukaryotic cells have evolved two types of
anti-oxidative pathways; 1) anti-oxidative enzymes, and 2) the pro-
duction of reducing agents/anti-oxidants. The first pathway involves
anti-oxidant catalytic enzymes, including superoxide dismutases
(SODs), catalase, and glutathione peroxidase [14-17]. One of the most
important groups of anti-oxidative enzymes is the SOD family, in-
cluding Cu/Zn-SOD, Mn-SOD, and EC-SOD enzymes, all of which con-
vert superoxide radicals to H,O, and O, [14]. Hydrogen peroxide
(H,05) can then be reduced to H,O by glutathione peroxidases or by
catalase [16]. In addition, thiol-containing enzymes such as
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thioredoxins (TRX), peroxiredoxins, and thioredoxin reductases (TrxR),
are involved in maintaining intracellular anti-oxidant capacity [18].
Other enzymatic anti-oxidants include Glutathione-S-transferase en-
zymes [19], which catalyze conjugation of reduced glutathione (GSH)
with exogenous compounds, and glutathione reductase, which recycles
GSH from glutathione disulfide [20]. Reduced nicotinamide adenine
dinucleotide phosphate (NADPH) plays an important role in the enzy-
matic anti-oxidant pathway as a protective cofactor for catalase, as a
reducing agent for the TrxR/TRX system, and also as a co-substrate for
glutathione reductase [21-23]. However, NADPH also can contribute to
the production of superoxide and HO» through its role as a cofactor for
the family of transmembrane NADPH oxidases that are prevalent in
neutrophils and epithelial cells [24].

The second, broadly defined anti-oxidant pathway involves non-
enzymatic neutralization of ROS via direct chemical reduction of oxi-
dants. This includes low molecular weight compounds including GSH,
alpha-tocopherol (Vitamin E), ascorbic acid (Vitamin C), and car-
otenoids (B-carotene) [21,25-27]. The primary cellular anti-oxidant is
glutathione, present at 1 to 2 mM in most cell types [28], which be-
comes oxidized to glutathione disulfide (GSSG) in an oxidizing en-
vironment. GSH is a co-factor for anti-oxidant enzymes, including GST
enzymes and glutathione peroxidase, which reduces H,0, into H,O and
O, while producing oxidized GSSG [29,30]. Other important en-
dogenous cellular antioxidants include Vitamin E, Vitamin C, (3-car-
otene, uric acid, and ubiquinone [31]. These agents directly counteract
free radicals by donating electrons to free radical species. For examples,
vitamin C is capable of scavenging hydrogen peroxide, superoxide, and
hydroxyl, peroxyl, and oxygen free radicals [26], vitamin E scavenges
peroxyl radicals [27], and B-carotene reacts with superoxide, hydroxyl,
and peroxyl radicals [21].

1.2. Mechanisms of ATM activation

The ATM protein was shown to be activated by DNA damage many
years ago and was subsequently shown to be recruited to and activated
by DNA double-strand breaks through the Mrel1l-Rad50-Nbsl (MRN)
complex [3, 32]. ATM exists in a homodimeric catalytically-inactive
form under normal conditions but is released into an active monomeric
form when associated with the MRN complex and exposed to DSBs, an
event that is coincident with auto-phosphorylation [33-35]. Other
treatments have also been shown to evoke auto-phosphorylation and
activity in the apparent absence of DNA breaks, namely chloroquine
treatment, histone deacetylase inhibitors, or hypotonic conditions [33].
In addition, exposure to ROS trigger ATM activation in cells and in vitro
through a pathway dependent on disulfide bonds between the two ATM
monomers [6]. Oxidation of ATM produces a functional, active kinase
that does not require the MRN complex, DNA ends, or autopho-
sphorylation [6,36] (Fig. 1).

Our recent studies characterized separation-of-function mutants of
ATM for nuclear as well as cytoplasmic functions to determine which
roles of ATM are dependent on each activation pathway. These ex-
periments focused primarily on the ATM mutant C2991L (CL), deficient
in oxidative activation [6], and the R2579A/R2580A (2RA) ATM mu-
tant, deficient in MRN/DNA-dependent activation [36]. Expression and
characterization of these ATM mutants in the human U20S osteo-
sarcoma cell line showed that cells expressing 2RA ATM are sensitive to
ionizing radiation (IR) and the Top1l poison camptothecin (CPT) but not
to sources of oxidative stress such as hydrogen peroxide or arsenite
[36]. In contrast, cells expressing the CL ATM allele only show sensi-
tivity to ROS-inducing agents. In addition, oxidative stress-induced
checkpoint activation as well as macroautophagy were also compro-
mised in cells expressing the CL allele, while cells expressing the 2RA
allele were deficient in DNA damage-induced checkpoints and autop-
hagy pathways. These results show that the two distinct pathways of
ATM activation are responsible for signaling to diverse nuclear and
cytosolic organelles and that each activation pathway functions
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separately. ATM also shows substrate specificity dependent on the ac-
tivation pathway since oxidation-dependent ATM activation does not
induce phosphorylation of H2AX, an established marker for DSBs, or
phosphorylation of KAP1, a component of heterochromatin [6]. Thus,
ATM activates specific downstream effectors as well as common sub-
strates based on the type of cellular stress.

1.3. ATM as a sensor for the oxidative stress

ATM dysfunction is associated with accumulation of intracellular
ROS, which has been suggested to contribute to cerebellar degeneration
and other symptoms present in A-T patients [3,4,25]. Over the last
three decades, numerous studies have demonstrated the functional
consequences of ATM loss related to oxidative stress, as summarized
below.

Early studies with cells from A-T patients showed that these lines
are hypersensitive to ROS exposure [37-42]. In addition, A-T patient
cells and ATM-depleted cell lines in culture have been reported to ex-
hibit higher levels of ROS and oxidation-related byproducts compared
to normal cells [36,43-46]. Several mouse models of ATM deficiency
have also been created [47-50], and although these generally show
early T-cell lymphomas and no cerebellar degeneration, there are some
indications of oxidation-related pathology. For instance, nitric oxide-
dependent protein oxidation was observed in ATM-/- mouse brain as
well as higher than normal levels of lipid peroxidation [51]. ATM
(—/—) mouse hematopoietic stem cells (HSCs) showed significantly
higher levels of intracellular ROS, especially H,O5, compared to normal
HSCs [52]. Salicylate oxidation, caused by H,O» and peroxynitrite, was
elevated in cerebellum and basal ganglia but not in cortex from ATM
(—/—) mice [53]. Superoxide levels, as measured by dihydroethidium
(DHE) staining in vivo, were also increased in ATM-/- cerebellar Pur-
kinje cells and neurons from hippocampal CA1 and substantia Nigra but
not cortical neurons, suggesting that oxidative stress might be cell type-
specific in the brain [53].

In ATM (—/—) mice, the levels of the thiol-containing compound
GSH and its precursor, cysteine, were aberrant and suggested an age-
dependent generation of oxidative stress in the absence of ATM [54].
The activity of thioredoxin, a small redox protein that responds to
oxidative stress and catalyzes dithiol-disulfide exchange reactions, was
also increased in the cerebella of ATM (—/—) mice. From these ob-
servations it was suggested that compensatory anti-oxidative mechan-
isms are upregulated in ATM-/- cells. In addition, a decrease in catalase
activity was observed but Mn-SOD activity was increased in the cere-
bella of ATM (—/—) mice, suggesting higher H>O, levels in these cells
since catalase is a scavenger of H>O, and SOD generates H>O, from
superoxide [54]. Similar phenomena were not only observed in the
cerebella of ATM (—/—) mice [54], but also in human AT lymphoblast
cells [55] as well as in A-T patient fibroblasts [56,57]. Another study
also reported that ATM (—/ —) astrocytes have elevated HSP70, Cu/Zn-
SOD, and Mn-SOD, consistent with the interpretation that these cells
experience increased oxidative stress, as well as high levels of extra-
cellular-regulated kinase (ERK1/2) activation and defects in cell growth
[58]. The total plasma antioxidant capacity and plasma levels of a-to-
copherol, retinol, and ubiquinol in 10 A-T patients was slightly but
significantly lower than healthy control patients [45]. This might affect
A-T cells by making them more vulnerable to elevated levels of internal
ROS.

Our studies with ATM-deficient cells and experiments with small
molecule inhibitors of ATM have shown higher ROS levels, specifically
H,0,, in cells with ATM deficiency [6,36]. Expression of ATM mutants
that cannot be activated by oxidation (C2991L or R3047X) also results
in high levels of ROS, but this is not observed with mutants that cannot
be activated by DNA damage (R2579A/R2580A) [6,36]. This suggests
that the oxidation pathway of ATM activation directly influences levels
of ROS in human cells. From these in vivo and cell culture-based ex-
periments, it is clear that ATM deficiency results in an elevation of
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cellular oxidative stress and in animal models it is clear that this is more
severe in specific tissues. The R3047X mutation has been found in
several A-T patients [59-61], an indication that loss of the oxidation
pathway is sufficient for the neurodegeneration that is the primary
characteristic of the disease. These specific patients have been noted as
A-T 'variants" due to intermediate radiosensitivity or reduced im-
munodeficiency, likely a result of the fact that they retain normal ac-
tivation by the MRN complex through the canonical double-strand
break pathway [6].

1.4. Pathogenesis generated by ATM deficiency and ROS

Although the pathogenesis of A-T is still not understood, it has been
suggested that accumulated oxidative stress plays a critical role as in
other neurodegenerative diseases [62]. ATM (—/—) astrocytes and
neural stem cells exhibit growth defects and higher levels of senescence
as well as earlier death in culture [63]. These phenotypes are likely
caused by elevated ROS, since treatment with N-acetyl cysteine (NAC)
suppressed these phenotypes [63]. These cell populations also showed
enhanced activity of ERK1/2 and p38 mitogen-activated protein kinase
(MAPK), as well as elevated levels of p16, p21, or p27, which were
reversed by the addition of NAC or MAPK/ERK inhibitor [64]. ERKs and
p38 MAPKs are subgroups within the larger MAPK family, and are in-
volved in regulation of both cell growth and cell death as well as ne-
gative regulation of neuronal stem cell proliferation during early brain
development [65,66]. ERK, JNK, and p38 MAPK enzymes have also
known to be activated by ROS, including H,O, [67]. Collectively, these
results suggest that high levels of intracellular ROS in ATM-deficient
cells coupled with hyperactivation of MAPK kinases could potentially
contribute to reductions in neuronal stem cell proliferation and neu-
ronal degeneration [63,64]. High levels of ROS generated in the ab-
sence of ATM function also result in defects in self-renewal of HSCs
related to MAPK hyperactivity, based on observations that NAC or p38
MAPK inhibitor treatment extends the lifespan of HSCs and is accom-
panied by down-regulation of p16™¥*2 [52,68,69]. Taken together,
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Fig. 1. DNA damage and oxidation pathways that
activate the ATM protein kinase. Double-strand
breaks in DNA activate ATM through the MRN com-
plex which monomerizes ATM into active subunits,
recruits ATM to sites of double-strand breaks, and
promotes recruitment of substrates (left). This form
of activation leads to higher survival of DNA damage
exposure, efficient processing of DNA ends for
homologous recombination (resection), and DNA
damage-dependent cell cycle checkpoint activation
and macroautophagy. Activation of ATM by oxida-
tion or other agents that promote disulfide bond
formation between the ATM monomers promote ac-
tivation of the kinase independently of MRN and
DNA (right). The active form of the kinase is a
covalent dimer, which regulates cellular ROS levels,
mitophagy, protein homeostasis, and ROS-dependent
autophagy.
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these results suggest that ATM deficiency causes internal oxidative
stress which results in pathology specific to stem cell and neuronal cell
populations.

Another major source of oxidative stress in humans is the family of
NADPH oxidase enzymes which can act as ROS producers in phagocytes
and other cells by transferring an electron from NADPH to generate
superoxide [24]. NOX4 levels are higher in A-T cells and ATM-depleted
cells compared to wild-type cells, and depletion of NOX4 by siRNA was
shown to suppress high ROS, oxidative DNA damage, and defects in
replication and cell growth that occur during senescence in A-T cells
[70]. This suggests that functional ATM is required to limit NOX4 levels
and that elevation of internal ROS generated by NOX4 contributes to
ROS-induced DNA damage and neurodegeneration [70].

ROS-dependent events are also key factors in inflammation [71].
Recent work using rats as a model system for ATM deficiency showed
that loss or partial deficiency in ATM generate a high frequency of hind-
limb paralysis (although no cerebellar generation) associated with
neuroinflammation in the brain and spinal cord [72,73]. Cytosolic DNA
was noted in cells from these animals, perhaps a source of pro-in-
flammatory signals in this model. A recent study of peripheral blood
mononuclear cells from A-T patients also showed upregulation of many
genes involved in inflammation and immune system regulation [74],
consistent with the idea that chronic inflammation is associated with
the disease [75] and observations that anti-inflammatory agents such as
betamethasone can generate short-term improvement in A-T symptoms
[76]. In general, it is not clear why the mouse, rat, and other mam-
malian A-T models [77] produce mostly subtle effects on cerebellar
morphology and function but instead exhibit a range of other features.

1.5. Mitochondria and ROS

Mitochondrial oxidative metabolism is the major source of in-
tracellular ROS [78,79]. Superoxide species are produced by transfer of
high energy electrons to oxygen in the electron transfer chain (ETC) and
other sites in mitochondria and H,0, is generated by dismutation of
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superoxide [80]. This, in turn, can result in production of hydroxyl
radicals. Therefore, mitochondrial defects have been closely connected
to generation of free radicals, including hydroxyl radicals and super-
oxide, since they are generated as a by-product of oxidative metabolism
[78].

Neurons have a high demand for energy and, accordingly, have high
mitochondrial respiration and produce higher mitochondrial ROS ba-
sally compared to other cell types [81,82]. Oxidative DNA damage in
the human brain increases with age and mtDNA damage is significantly
higher than nuclear DNA damage in these cells [83,84]. Impaired mi-
tochondrial function is particularly critical in neuronal cells since it
causes a decrease in energy production and contributes to free radical
production, which can result in neuronal death. The relationship be-
tween mitochondria, oxidative stress, and neuronal degeneration has
been extensively studied in various neurodegenerative disorders, such
as Parkinson’s disease, Alzheimer’s disease, Amyotrophic lateral
sclerosis, and Huntington’s disease [9,82]. Cellular changes observed in
these disorders have been shown to correlate with mitochondrial dys-
function and elevated levels of free radicals [85-89]. Since A-T shares
some of the same molecular markers of chronic oxidative stress [25],
mitochondrial function in ATM-deficient cells has been an area of active
research.

1.6. Mitochondrial dysfunction in ATM-deficient cells

Several groups have shown that ATM deficiency results in mi-
tochondrial dysfunction [36,90-94]. mRNA expression levels of mi-
tochondrial DNA repair and ROS scavenging genes, TOP1mt, Prx3,
SOD2, and PolG, are significantly upregulated in A-T cells compared to
wild-type cells [90]. Another study showed that loss of ATM or its in-
hibition by small molecule inhibitors reduces expression levels of ri-
bonucleotide reductase (RR) subunits and lowers mitochondrial DNA
(mtDNA) levels, demonstrating that ATM is required for mtDNA
homeostasis via RR maintenance [93]. These studies suggest that ATM
is directly involved in the expression of genes required for mitochon-
drial function and mtDNA homeostasis (Fig. 2).

Despite a general consensus that ATM deficiency leads to abnormal
mitochondria, reports have been quite variable with respect to specific
parameters of mitochondrial health. Work in ATM-deficient human cell
lines in culture (patient-derived fibroblasts as well as cells treated with
ATM inhibitor) showed that the loss of ATM leads to reduced
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mitochondrial mass, although measurements were found to be depen-
dent on the growth rate of the cells and the level of confluence in cell
culture [93]. In contrast, another study with A-T patient lymphoblasts
showed no change in total mitochondrial DNA content compared to
wild-type cells, although mitochondrial respiratory function was re-
duced [90]. Lower mitochondrial mass was observed in human ATM-
deficient cells in comparison to wild-type cells by Valentin-Vega et al,
although increased numbers of mitochondria as well as increased mi-
tochondrial mass were observed in newly established thymocytes from
ATM-/- mice and a dependence on passage number and cell culture
conditions was also noted [92]. In this study, impaired mitochondrial
turnover (mitophagy) in ATM-deficient fibroblasts was also demon-
strated after treatment with the mitochondrial uncoupler CCCP [92].
An in-depth study of the effect of ATM on mitochondrial respiration
showed little difference in resting respiration rates but deficiencies in
reserve capacity of mitochondria from ATM-deficient mice [94]. The
issue of membrane potential in ATM-deficient cells is also reported
variably in the literature, with some studies observing higher mem-
brane potential while others report sub-populations with high mem-
brane potential compared to wild-type cells, although the diversity of
chemical probes, cells, and conditions used for these studies make it
difficult to arrive at specific conclusions [90,92,94].

It is possible that deficiencies in mitophagy, reported by multiple
groups [36,92,95], are largely responsible for differences in mi-
tochondrial parameters but that this defect may have different con-
sequences depending on the cell type and conditions of the assay used.
In this regard, it is notable that the mitochondrial fraction of human A-
T fibroblasts exhibit accumulation of Parkin in the absence of exo-
genous stress while normal fibroblasts do not [92]. Parkin is recruited
to dysfunctional mitochondria and plays a critical role in the autop-
hagic degradation of damaged mitochondria [96]. Consistent with
these observations, we recently found that cells expressing an oxida-
tion-deficient mutant ATM (C2991L) exhibit reduced mitochondrial
membrane potential and mitophagy compared to cells expressing wild-
type ATM [36]. These results align with the hypothesis that disruption
of mitochondrial function in ATM-deficient cells is caused by loss of
ROS-induced ATM functions. Chow et al also recently found that ROS
stimulation of ATM, rather than DNA damage stimulation, leads to up-
regulation of mitochondrial function [94], in agreement with this view.

Recent work from Shadel and colleagues also showed that mena-
dione, which generates mitochondrial ROS, promotes formation of the
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Fig. 2. Summary of relationships between ROS and ATM functions. ROS is generated from many sources, most prominently mitochondrial oxidative metabolism but
also NADPH oxidases and low levels from other cellular metabolic processes (see text for details). Cellular enzymes and small molecule anti-oxidants block accu-
mulation of ROS, but excess levels activate ATM (see Fig. 1). Direct consequences of ATM oxidation include effects on protein homeostasis, pre-mRNA processing, and

transcription of genes related to mitochondrial function.
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oxidized, activated form of ATM and that this effect is relieved by the
addition of MitoTEMPO, a mitochondrial antioxidant [97]. Mitochon-
dria-derived hydrogen peroxide was shown to be responsible for the
activation of ATM under these conditions, consistent with work from
the Paull laboratory indicating that peroxide activates ATM in vitro as
well as in human cells [36,43]. Zhang et al. also showed that deficiency
in oxidative activation of ATM reduces antioxidant defenses in human
cells by lowering RNA and protein levels of glucose-6-phosphate de-
hydrogenase (G6PD), an enzyme that plays an important antioxidant
role by producing NADPH via the pentose phosphate pathway as well as
the production of precursors for nucleotide synthesis [97]. Collectively,
this work suggests that ATM acts as a sensor for mitochondrial derived
ROS and that this function of the kinase may underlie some of its known
effects on cellular metabolism.

Other recent studies have also suggested that specific mitochondrial
regulatory factors are directly controlled by ATM. Herrup and collea-
gues showed that ATM phosphorylates Nuclear respiratory factor 1
(NRF1), a transcription factor required for expression of genes related
to mitochondrial transcription, replication, and respiration [94]. ATM
phosphorylation of NRF1 on T259 was shown to be required for its
homodimerization, nuclear localization, and upregulation of genes
promoting mitochondrial function in response to ATP-depletion-in-
duced oxidative stress. Expression of phospho-mimic T259E NRF1 ef-
ficiently restored defects in mitochondrial bioenergetics in ATM-defi-
cient neurons, including reduced expression of oxidative
phosphorylation-related genes, mitochondrial DNA repair, replication,
and transcription [94].

Nuclear erythroid 2-related factor (NRF2), a transcription factor
that regulates antioxidant responses [98], was also recently shown to be
dysregulated in cells lacking the histone variant H2AX, leading to in-
creased levels of ROS and defects in antioxidant responses [99,100].
H2AX is one of the canonical targets of ATM during a DNA damage
response [101]. Deletion of H2AX in the mouse results in impaired
motor learning and balance, both of which can be reversed by treat-
ment with the antioxidant NAC [100]. Loss of H2AX also leads to the
loss of PGC-1a-dependent gene expression related to mitochondrial
biogenesis, suggesting that H2AX indirectly controls mitochondrial
homeostasis [102]. Although it is not yet clear if ATM phosphorylation
of H2AX is involved in this pathway, these results suggest that histone
H2AX and ROS-regulated transcription are important to maintain mi-
tochondrial homeostasis.

Many studies have proven that ATM is predominantly present in the
nucleus of most mammalian cells and functions there as a regulator of
DNA damage responses [103,104]. However, several studies also
showed that ATM is detected in the cytoplasm, including cytoplasmic
vesicles and peroxisomes [57,105,106], and that as much as 50% of
ATM is extranuclear in neuronal cells [57,105-107]. A recent study also
showed that ATM is found in mitochondrial fractions and that treat-
ment of mitochondrial dysfunction by CCCP, a mitochondrial oxidative
phosphorylation uncoupler, causes ATM activation in the absence of
DNA damage repair signaling [92]. This suggests that ATM might work
directly on potential substrates in mitochondria, although localization
of ATM within this organelle is still controversial and needs to be ad-
dressed in a definitive way in different cell types to resolve these issues.
ATM has also been demonstrated to play a role in the peroxisome, an
organelle that plays important roles in metabolism and generates (as
well as eliminates) ROS species, particularly hydrogen peroxide [108].
ATM was found to be associated with peroxisomes many years ago [57]
through a C-terminal region overlapping with the region implicated in
ROS regulation and was later shown to regulate the turnover of per-
oxisomes (pexophagy) through phosphorylation of PEX5 [109].

Interestingly, there has also been a report of Tell (the budding yeast
ortholog of ATM) functioning to modulate lifespan in response to mi-
tochondrial ROS in yeast [110]. Although Atell yeast strains do not
exhibit sensitivity to oxidative stress [111] (T.P. unpublished observa-
tions), Schroeder et al found that Tell and Rad53 (ortholog of
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mammalian Chk2) mediate a hormetic response to mitochondrial ROS
that extends yeast chronological lifespan by altering histone methyla-
tion patterns in heterochromatin [110]. Thus, the role of ATM in ROS
sensing may be a more ancient function than previously assumed.

1.7. ATM deficiency and suppression by antioxidants

There have been several attempts to test connections between ac-
cumulation of ROS and the clinical phenotype of A-T patients by
treatment with antioxidants. Treatment of ATM (—/—) mice with a
catalytic antioxidant EUK-189, a salen (N,N’-bis(salicylidene)ethylene-
diamine) -manganese complex with superoxide dismutase/catalase ac-
tivities), corrects rotarod performance, decreases brain fatty acids, and
increases lifespan [112]. In vitro, Purkinje neurons from both ATM
(—/—) mice and mice expressing an ATM mutant allele (7666del9/
7666del9, a nine-nucleotide in-frame deletion that is also a common
human ATM mutation in A-T patients) show significantly reduced
survival and reduced dendritic differentiation compared with cells from
ATM (+/+) mice [113]. These phenotypes were corrected by treat-
ment with the antioxidant isoindoline nitroxide (CTMIO), suggesting
that oxidative stress plays a key role in defective cerebellar phenotypes
in ATM-deficient animals. Treatment of ATM —/— mice with tempol, a
nitroxide antioxidant and superoxide dismutase (SOD) mimetic, also
increased lifespan, reduced ROS, restored mitochondrial membrane
potential, and resulted in an increased latency of thymic lymphomas
[91]. These results suggest that correction of internal oxidative stress in
ATM deficiency results in at least partial suppression of some aspects of
the A-T phenotype, most notably neuronal and stem cell-specific defi-
ciencies.

Experiments using mouse models showed that ATM is also required
for the self-renewal of hematopoietic stem cells and the proliferation of
T cells, populations which exhibit much lower survival in the absence of
ATM function yet can be rescued by treatment with the antioxidant N-
acetyl cysteine (NAC) [52,114]. A follow-up study also showed that
NAC treatment of ATM-deficient mouse embryonic fibroblasts prevents
premature senescence, aberrant T cell receptor rearrangement, im-
paired class switch recombination, and results in increased survival
[68]. Taken together, these diverse reports suggest that aberrant levels
of ROS are responsible for at least some of the pathology observed in
ATM-deficient or ATM mutant cells.

1.8. Protein aggregation and oxidation

Several neurodegenerative diseases that are more prevalent in the
human population compared to A-T are characterized by pronounced
neuronal protein aggregation, including Parkinson’s disease,
Alzheimer’s disease, amyotrophic lateral sclerosis, and Huntington’s
disease [115]. Although the aggregation-prone factors are distinct and
the brain region affected in each disease is clearly different, issues re-
lated to protein homeostasis and protein oxidation have been broadly
implicated in disease pathogenesis for all of these disorders [116].

Considering these attributes, observations that loss of functional
ATM leads to oxidative damage to protein and lipids is potentially very
important [25,51,52]. For instance, ATM-deficient mice, despite
lacking an overt neurological phenotype, show elevated levels of ni-
trotyrosine modifications in the brain as well as higher levels of lipid
peroxidation compared to wild-type mice [51]. Human cells depleted of
ATM also exhibit progressive increases in oxidized (carbonylated)
proteins as well as increased nuclear proteasome activity upon ATM
removal that are consistent with proteostatic stress [117].

Widespread protein aggregation was also recently shown to occur in
A-T patient cells, human cancer cell lines depleted of ATM, and cells
expressing the C2991L mutant ATM protein that is incapable of acti-
vation by oxidative stress [36]. This aggregation was monitored using
biochemical fractionation and mass spectrometry-based identification
of detergent-resistant protein aggregates. Appearance of the aggregates
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was amplified by the addition of low-level oxidative stress (arsenite),
and was relieved by NAC treatment, demonstrating that defects in
protein homeostasis are at least partially dependent on increased ROS
in cells lacking ATM or expressing non-functional ATM variants [36].
Approximately 500 proteins were found to be present at statistically
significant levels compared to wild-type cells, particularly when ROS
levels were elevated. In addition, several of the polypeptides identified
among the aggregated fraction are known as familial sources of neu-
ronal toxicity in other neurodegenerative disorders, including
C90RF72, FUS, and TDP43 [118-120]. These observations show that
ATM proteostasis dysfunction is related to oxidative stress and suggest
the possibility that A-T neuropathology may be related to disruption of
normal protein homeostasis.

Lastly, another mechanism potentially underlying the downstream
responses of ATM to oxidative stress is through RNA splicing since ATM
has been implicated in pre-mRNA processing [121]. The recent study
showed that UV-irradiated cells changed spicing widely and up to 40%
of this change was partly dependent on ATM activity [121]. If proteins
containing disordered regions and low-complexity domains are affected
by these splicing deficiencies, this could also contribute to overall
protein aggregation since intrinsically disordered proteins are particu-
larly sensitive to oxidation conditions [122].

1.9. Concluding remarks

Although the connections between ATM dysfunction and accumu-
lation of internal oxidative stress have been widely reported, the me-
chanisms underlying an involvement of ATM in ROS homeostasis are
still unclear. ATM has several hundred targets and affects potentially
several thousands of associated proteins [36,123,124], so one obvious
explanation is that it may phosphorylate and thus directly regulate
many enzymes involved in the regulation of ROS levels, some of which
have been mentioned here. In addition, mitochondrial ROS is likely
regulated by ATM indirectly through transcription of genes related to
mitochondrial functions and metabolism (e.g. PPP) as discussed above.
Further work is clearly needed to define the exact mechanism of neu-
ronal toxicity observed in A-T patients and to determine the relation-
ship between oxidative stress, DNA damage, defects in protein home-
ostasis, and mitochondrial abnormalities in order to work toward a cure
for this disorder.
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Abbreviations

ATM Ataxia-telangiectasia mutated

ROS reactive oxygen species

PIKKs phosphatidylinositol 3-kinase-like kinases

DSB double strand break
TRX thioredoxin
TrxR thioredoxin reductase
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GSH reduced glutathione

NADPH Reduced nicotinamide adenine dinucleotide phosphate
GSSG glutathione disulfide
MRN Mrel1l-Rad50-Nbs1

CL C2991L allele of ATM, deficient in oxidative activation (6).

2RA R2579A/R2580A allele of ATM, deficient in MRN-mediated
activation (36).

CPT camptothecin

HSC hematopoietic stem cell

DHE dihydroethidium

NAC N-acetyl cysteine

MAPK  mitogen-activated protein kinase
ETC electron transfer chain

G6PD glucose-6-phosphate dehydrogenase
RR ribonucleotide reductase

mtDNA mitochondrial DNA

NRF1 Nuclear respiratory factor 1

NRF2 Nuclear erythroid 2-related factor
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