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A B S T R A C T

The ataxia telangiectasia mutated (ATM) protein kinase is best known as a master regulator of the DNA damage
response. However, accumulating evidence has unveiled an equally vital function for ATM in sensing oxidative
stress and orchestrating cellular antioxidant defenses to maintain redox homeostasis. ATM can be activated
through a non-canonical pathway involving intermolecular disulfide crosslinking of the kinase dimers, distinct
from its canonical activation by DNA double-strand breaks. Structural studies have elucidated the conformational
changes that allow ATM to switch into an active redox-sensing state upon oxidation. Notably, loss of ATM
function results in elevated reactive oxygen species (ROS) levels, altered antioxidant profiles, and mitochondrial
dysfunction across multiple cell types and tissues. This oxidative stress arising from ATM deficiency has been
implicated as a central driver of the neurodegenerative phenotypes in ataxia-telangiectasia (A-T) patients,
potentially through mechanisms involving oxidative DNA damage, PARP hyperactivation, and widespread
protein aggregation. Moreover, defective ATM oxidation sensing disrupts transcriptional programs and RNA
metabolism, with detrimental impacts on neuronal homeostasis. Significantly, antioxidant therapy can amelio-
rate cellular and organismal abnormalities in various ATM-deficient models. This review synthesizes recent
advances illuminating the multifaceted roles of ATM in preserving redox balance and mitigating oxidative in-
sults, providing a unifying paradigm for understanding the complex pathogenesis of A-T disease.

1. Introduction

Oxidative stress, defined as a disturbance in the equilibrium between
oxidant production and antioxidant defense mechanisms, represents a
fundamental mechanism of cellular injury [1,2]. Reactive oxygen spe-
cies (ROS), the primary oxidants, can indiscriminately react with and
modify cellular macromolecules like DNA, proteins, and lipids, thereby
disrupting their structural integrity and biological functions [1,3,4]. If
unresolved, excessive ROS accumulation can trigger programmed cell
death pathways, including apoptosis initiated by mitochondrial mem-
brane permeabilization, as well as necrosis resulting from the disruption
of plasma membrane ion gradients and eventual rupture following lipid
peroxidation [1,5,6].

To counteract oxidative insults and maintain redox homeostasis,
aerobic organisms have evolved sophisticated antioxidant defense sys-
tems comprising non-enzymatic and enzymatic components. Low mo-
lecular weight antioxidants such as reduced glutathione (GSH), ascorbic
acid (vitamin C), α-tocopherol (vitamin E), uric acid, carotenoids, and
ubiquinones constitute the non-enzymatic arm [7–11]. These reductants

can directly quench ROS through electron transfer mechanisms or act as
cofactors for enzymatic antioxidants. The enzymatic defense machinery
includes superoxide dismutases (SODs), which catalyze the dismutation
of superoxide radicals to hydrogen peroxide (H2O2) and molecular
oxygen [11]. H2O2 is subsequently detoxified by catalases or the
GSH-dependent glutathione peroxidase (GPx) family of enzymes.
Furthermore, the glutathione system, encompassing GSH, glutathione
reductase (GR), and glutathione S-transferases (GSTs), plays a pivotal
role in redox cycling and xenobiotic conjugation reactions [12].

In response to oxidative stress, cells mount an adaptive response
characterized by the transcriptional upregulation and/or post-
translational activation of various antioxidant proteins [13]. Conse-
quently, the expression levels and activities of these enzymes often serve
as reliable biomarkers indicative of oxidative insult across diverse
pathophysiological contexts. However, when the oxidative burden
overwhelms the cellular antioxidant capacity, deleterious oxidative
modifications to biomolecules may ensue, compromising organelle
function and ultimately triggering cell death cascades [1,13]. Thus,
maintaining an optimal redox equilibrium is crucial for cellular
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homeostasis and survival.

2. Distinct pathways of ATM activation by DNA damage and
oxidation

The ataxia telangiectasia mutated (ATM) protein kinase, a master
regulator of the DNA damage response (DDR), can be activated through
distinct mechanisms upon exposure to DNA double-strand breaks (DSBs)
or oxidative stress (Fig. 1) [14–17]. The canonical form of ATM acti-
vation is dependent on both DSBs and the MRE11-RAD50-NBS1 (MRN)
complex, which recruits the ATM homodimer, induces monomerization
of the kinase and promotes interaction of the ATM monomers with DNA
ends and with its substrates [18–20]. This process is facilitated by MRN
and involves ATM trans-autophosphorylation.

In contrast, oxidative stress triggers the formation of an active
dimeric ATM species covalently linked via intermolecular disulfide
bonds, a process independent of the MRN complex, DNA ends, or ATM
autophosphorylation [21,22]. Several disulfide bonds were mapped in
this dimer form, including at Cys2991 (C2991) in the PIKK regulatory
domain (PRD), which regulates ATM activation by oxidative stress;
mutations in this site (e.g. C2991L) cause defects in hydrogen peroxide
(H2O2)-mediated ATM activation in vitro and in human cells [23].

Separation-of-function ATM mutants have provided crucial insights
into these divergent activation pathways. The oxidation-deficient
C2991L mutant remains competent for MRN/DNA-dependent activa-
tion yet cannot be activated by oxidants like H2O2. Conversely, the
MRN/DNA-binding deficient R2579A/R2580A mutant selectively ab-
rogates activation in response to DSBs while retaining oxidation-induced
activation capabilities [22,23].

Remarkably, oxidation-activated ATM exhibits distinct substrate
preferences compared to its DSB-activated counterpart. Global

phosphoproteomic analyses revealed that while both activation modes
converge on some common substrates, oxidation-induced ATM selec-
tively impacts a subset of phosphorylation events largely regulated by
the CK2 kinase [17,22,23]. Furthermore, unlike DSB-activated ATM, the
oxidized form fails to induce phosphorylation of canonical DSB markers
such as γH2AX and KAP1.

These findings uncover an oxidation-sensing role for the ATM kinase,
whereby it engages a specific subset of downstream effectors distinct
from its canonical DDR functions upon oxidative insults. This redox-
regulated ATM signaling axis likely constitutes an important cellular
stress response pathway. Elucidating the molecular underpinnings and
physiological implications of this oxidation-induced ATM activation
may reveal novel strategies for therapeutic intervention in oxidative
stress-related pathologies, including the neurodegenerative disorder
ataxia-telangiectasia.

3. ATM as a sensor of oxidative stress and regulator of ROS
levels

Mounting evidence indicates that the ATM protein itself functions as
a critical sensor and regulator of oxidative stress within cells (Fig. 2) [17,
22,24]. Numerous studies have reported significant accumulation of
ROS, particularly hydrogen peroxide (H2O2), in ATM-deficient models,
underscoring ATM’s pivotal role in maintaining redox homeostasis [17].
A novel mode of ATM activation occurs through the formation of
intermolecular disulfide bonds between the monomers of the ATM
dimer in response to oxidants like H2O2 [22,23]. This
oxidation-induced activation is dependent on the Cys2991 residue in the
PIKK regulatory domain, as mutation of this cysteine (e.g. C2991L)
abrogates ATM activation by H2O2 in vitro and in human cells [22,23].

In cerebellar and cerebral tissues of ATM knockout mice, altered

Fig. 1. ATM’s Dual Activation Mechanisms
The ATM kinase can be activated through two distinct pathways, illustrated side-by-side.
(Top) Canonical DNA double-strand break (DSB)-induced activation pathway: In response to DNA damage, the MRN complex senses and binds to DSBs, recruiting and
activating the ATM kinase. This causes ATM monomerization from an inactive dimer and initiates phosphorylation of canonical substrates involved in DNA repair
and cell cycle control.
(Bottom) Oxidation-induced activation pathway: Oxidative stress, particularly increased hydrogen peroxide (H2O2) levels, leads to the formation of intermolecular
disulfide bonds between the monomers of the ATM dimer. This oxidation-dependent activation is mediated by the C2991 residue and results in the phosphorylation
of distinct substrates involved in antioxidant responses, mitochondrial homeostasis, and protein aggregation.
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Fig. 2. Interaction Between ATM and Antioxidant Defense Systems
ATM shows multifaceted roles in maintaining mitochondrial homeostasis through four key mechanisms: regulating mitochondrial DNA (mtDNA) levels by upre-
gulating ribonucleotide reductase (RNR), promoting mitochondrial biogenesis via phosphorylation and nuclear translocation of NRF-1 to induce mitochondrial
genes, enhancing cellular antioxidant capacity by inducing glucose-6-phosphate dehydrogenase (G6PD) expression and NADPH production, and orchestrating
mitophagy of damaged mitochondria through a signaling cascade involving CHK2, GSNOR, and Beclin-1-mediated autophagosome formation.
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levels of antioxidants like glutathione (GSH), cysteine, and the redox
protein thioredoxin suggest compensatory responses to elevated oxida-
tive stress [11]. Furthermore, decreased catalase activity coupled with
increased superoxide dismutase (SOD) activity in these brain regions
implies higher H2O2 levels due to impaired scavenging and enhanced
generation from superoxide [11]. Similar findings of reduced catalase
activity and increased SOD levels have been observed in ATM-deficient
lymphoblasts [25], fibroblasts [26,27], and astrocytes [28].

Direct measurements consistently reveal significantly higher intra-
cellular ROS levels, especially H2O2, in various ATM-deficient cell
types, including hematopoietic stem cells [29], cerebellar neurons, and
specific brain regions like the cerebellum, basal ganglia, hippocampal
CA1, and substantia nigra [30]. Importantly, transient ATM depletion or
expression of the oxidation-resistant ATM mutant (C2991L) in normal
cells can also lead to increased ROS accumulation [31], highlighting
ATM’s crucial role in regulating redox homeostasis. Mechanistically,
ATM promotes the activity and expression of antioxidant enzymes like
glucose-6-phosphate dehydrogenase (G6PD) in mitochondria [24].
During oxidative stress, ATM also induces the transcription factor NRF1,
which upregulates genes involved in mitochondrial functions [32].
Moreover, A-T patients exhibit slightly lower plasma antioxidant levels
compared to healthy controls [33,34], potentially rendering their cells
more susceptible to oxidative damage.

Furthermore, ATM regulates the Nrf2-ARE (Nuclear factor erythroid
2-related factor 2 - Antioxidant Response Element) pathway, a crucial
defense mechanism against oxidative stress [35]. The Nrf2-ARE
pathway is protective in neurodegenerative conditions by reducing
oxidative stress and neuroinflammation, making it a potential thera-
peutic target [35,36]. Nrf2 induces expression of cytoprotective and
detoxifying genes, and is essential for the induction of many detoxifi-
cation enzymes via the ARE enhancer sequence [35]. Nrf2 is regulated
by Keap1, which binds and suppresses it. NRF2 can be activated directly

by ROS oxidizing Keap1, or indirectly via ATM blocking Nrf2 degrada-
tion through the tumor suppressor BRCA1 by increasing its stability
[37–39]. Upregulated Nrf2 induces antioxidant genes like HO-1, NQO1,
GPx-1 and CAT to bolster the cellular antioxidant defense system [40].

Downstream of oxidative activation, ATM orchestrates a signaling
cascade involving the kinase CHK2 and subsequent induction of the
denitrosylase GSNOR and autophagy regulator Beclin1 to promote the
clearance of damaged mitochondria via mitophagy [41,42]. Further-
more, agents that specifically induce mitochondrial ROS production,
such as menadione, are sufficient to engage the oxidation-dependent
activation of ATM [24]. Recent findings.

These findings firmly establish ATM as a key sensor and regulator of
oxidative stress, with its deficiency leading to ROS accumulation that
likely drives various pathological features of A-T. Modulating this redox
imbalance through antioxidant therapies could therefore represent a
promising strategy for managing this disorder.

4. Mitochondrial aberrations and ATM’s role in redox
homeostasis

Accumulating evidence positions ATM as a crucial sensor and regu-
lator of mitochondrial homeostasis and cellular redox balance. Cells
deficient in ATM exhibit transcriptional changes indicative of mito-
chondrial dysfunction, including upregulated expression of mitochon-
drial DNA repair and ROS-scavenging genes [43,44]. Functionally, these
cells display impaired mitochondrial respiration, reduced membrane
potential, defective mitophagy, and increased mitochondrial mass -
phenotypes that are not rescued by oxidation-deficient ATM mutants,
directly linking ATM’s redox functions to mitochondrial quality control
(Fig. 3) [43–45].

A key mechanism by which ATM preserves mitochondrial integrity
appears to be through the regulation of mitochondrial DNA (mtDNA)

Fig. 3. Interaction Between ATM and Antioxidant Defense Systems
The ATM kinase interacts with and regulates various antioxidant defense systems to maintain cellular redox homeostasis, acting as a central hub that stabilizes the
transcription factor NRF2 through inhibition of KEAP1 by BRCA1, leading to the expression of antioxidant enzymes like NQO1, HO-1, GPx, and CAT, while also
enhancing mitochondrial function and biogenesis to increase mitochondrial antioxidant capacity via upregulation of NRF1 and G6PD, as well as directly interacting
with and activating antioxidant proteins such as peroxiredoxins and thioredoxins through post-translational modifications to boost their enzymatic activity.
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homeostasis. ATM inhibition or depletion decreases the expression of RR
(ribonucleotide reductase) subunits, resulting in lower mtDNA levels
[46], suggesting a role for ATM in maintaining mtDNA content.
Furthermore, ATM has been shown to phosphorylate and activate the
transcription factor NRF-1 in response to oxidative stress, promoting its
nuclear localization and transcriptional activation of mitochondrial
biogenesis genes; expression of a phosphomimetic NRF-1 mutant
rescued mitochondrial dysfunction in ATM-deficient neurons [32].

In addition to preserving mitochondrial biogenesis and function,
ATM plays a pivotal role in sensing and mitigating mitochondrial
oxidative stress. In ATM-deficient cells, mitochondrial dysfunction co-
incides with elevatedmitochondrial ROS levels and aberrant mitophagy,
phenotypes that can be rescued by partial depletion of the autophagy
regulator Beclin-1 to restore mitophagy [42,44]. Interestingly, ATM
localizes to mitochondria and can be activated upon mitochondrial
damage, even in the absence of nuclear DNA lesions. Furthermore,
activation of ATM by mitochondrial hydrogen peroxide promotes its
dimerization and upregulates the expression of glucose-6-phosphate
dehydrogenase (G6PD) and the pentose phosphate pathway, thereby
increasing NADPH and cellular antioxidant capacity [24]. These find-
ings suggest that ATM senses mitochondrial ROS signals and engages
transcriptional programs to restore redox homeostasis.

Recent findings have more elucidated a molecular pathway by which
ATM and its downstream effector CHK2 initiate autophagy in response
to oxidative stress [47]. Upon exposure to ROS, ATM becomes phos-
phorylated at S1981, leading to the subsequent phosphorylation of
CHK2 at T68. Activated CHK2 then binds and phosphorylates the E3
ubiquitin ligase TRIM32 at S55, enabling TRIM32 to catalyze K63-linked
ubiquitination of the autophagy protein ATG7 at K45. This
post-translational modification of ATG7 is crucial for initiating the
autophagy process [47] and mitophagy since ATG7 is one of the factor
for regulating mitochondrial clearance [48].

Moreover, ATM restrains mitochondrial ROS production by regu-
lating the expression of the ROS-producing enzyme NOX4, which is
abnormally upregulated in A-T cells and contributes to elevated oxida-
tive DNA damage and replicative defects [49]. Collectively, these studies
highlight the multifaceted roles of ATM in preserving mitochondrial
function, maintaining redox balance, and mitigating oxidative stress –
processes that are critically dysregulated in the absence of ATM and
likely contribute to the neurodegenerative pathology observed in
ataxia-telangiectasia.

5. Structural insights into ATM activation by oxidative stress vs
DNA damage

The ATM kinase, a member of the phosphoinositide 3-kinase-related
kinase (PIKK) family, exists as an inactive homodimer with the kinase
active sites occluded by the PIKK regulatory domain (PRD) helices in an
auto-inhibited “butterfly-like” conformation [50–59]. Recent
high-resolution cryo-electron microscopy structures have revealed the
molecular architecture of this inactive ATM dimer, which exhibits an
extensive dimerization interface mediated by HEAT repeats [50,54–56,
59]. ATM can be activated via two distinct mechanisms - by oxidative
stress or by DNA double-strand break (DSB) sensing.

In the conventional DNA damage response pathway, it was proposed
that the Mre11-Rad50-Nbs1 (MRN) complex detects DSBs and directly
activates ATM by promoting dissociation of the inactive dimer into
monomers, thereby relieving the inhibition imposed by the PRD helices
[60–62].

In contrast, oxidative activation of ATM by hydrogen peroxide
(H2O2) follows a unique mechanism involving formation of an inter-
molecular disulfide bond between the Cys2991 residues of the two
monomers [23,31]. This disulfide crosslinking stabilizes the ATM dimer
but in a dramatically different rotated conformation compared to the
inactive state [63]. Accompanying this rotation is the displacement of
the inhibitory PRD helices from the substrate binding cleft [63].

Moreover, the kinase N-lobe twists relative to the C-lobe into a cata-
lytically competent active conformation akin to activated mTOR [63].
Interestingly, two distinct conformations were observed for human ATM
– a closed symmetrical dimer and an open asymmetrical dimer, with the
latter suggesting conformational changes that could facilitate substrate
binding [50].

The cryo-EM structure of H2O2-activated ATM bound to a p53
peptide substrate revealed the molecular basis of this redox activation
mechanism [63]. A key aspect is that in the basal dimer state, the PRD
loop harboring Cys2991 is not ideally positioned for disulfide formation
across the dimer interface [63]. However, the conformational changes
triggered by oxidation allow the disulfide to form, stabilizing the acti-
vated rotated dimeric state [63]. Several known regulatory sites on
ATM, including Ser1981, Ser2996, Cys2991, and Lys3016 (the acety-
lation site), are located in disordered loops in close proximity to the PRD
[50,60,64]. Post-translational modifications at these sites after oxidative
stress may disrupt the interactions between the PRD and the active site,
thereby promoting ATM activation.

Therefore, while both activation pathways involve alleviating the
inhibition imposed by the PRD element, oxidative stress promotes
disulfide-crosslinking and conformational changes to rotate the dimer
into an active state [63]. This contrasts with the MRN/DNA damage
pathway proposed to drive dimer dissociation into monomers for acti-
vation [60–62]. This oxidation-specific mechanism enables ATM to
function as a critical cellular redox sensor [17,23,31].

6. Oxidative stress drives neurodegeneration in A-T

Mitochondria are the major source of cellular ROS, generated as
byproducts of oxidative phosphorylation and the electron transport
chain [1,65]. Neurons are particularly susceptible to mitochondrial
oxidative stress due to their high energy demands and reliance on
mitochondrial respiration [1,66]. Impaired mitochondrial function and
elevated ROS levels have been implicated in various neurodegenerative
disorders, including Parkinson’s, Alzheimer’s, ALS, and Huntington’s
disease [67].

Loss of functional ATM kinase has been directly linked to elevated
oxidative damage, proposed as an underlying mechanism driving the
neuronal degeneration and ataxic phenotypes in A-T patients [66,68,
69]. Studies in ATM-deficient mouse models revealed significantly
increased oxidative damage to proteins and elevated oxidative stress
markers specifically in the brain and cerebellum, but not other organs
[70]. This oxidative insult preferentially impacts neural cells, as
ATM-null astrocytes and neural stem cells exhibited impaired growth,
premature senescence, and earlier death in culture – phenotypes rescued
by antioxidant treatment or inhibition of ROS-induced signaling path-
ways like ERK1/2 and p38 MAPK [71,72].

Accumulation of intracellular ROS in ATM-deficient cells also im-
pairs self-renewal and longevity of hematopoietic stem cells (HSCs) by
upregulating p16INK4a, leading to Rb inactivation and p38 MAPK
activation. Notably, treatment with antioxidants or p38 inhibition
extended the lifespan of ATM-null HSCs [29]. Collectively, these find-
ings implicate elevated oxidative stress as a common pathogenic factor
driving the developmental defects and neurodegeneration observed
upon ATM loss, with a particular impact on the cerebellum and neuronal
compartments.

At the molecular level, cells lacking functional ATM exhibit signifi-
cantly elevated levels of oxidative DNA lesions like 8-hydroxy-2′-deox-
yguanosine (8-OHdG) as well as an increased burden of single-strand
breaks (SSBs) compared to normal cells [34,49,73]. The formation of
these SSBs is dependent on ROS, as treatment with the antioxidant
N-acetylcysteine (NAC) can prevent their accumulation in
ATM-depleted human cell lines [73,74]. A downstream consequence of
unresolved oxidative DNA damage appears to be widespread protein
aggregation. Loss of ATM’s oxidation-sensing capability promotes the
formation of detergent-resistant protein aggregates in a ROS-dependent
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manner across multiple human cell types, including brain-derived gli-
oma and neuroblastoma cells [31,74]. Mass spectrometry analysis
revealed over 1100 polypeptides significantly enriched in these insol-
uble aggregates isolated from A-T patient cerebellum samples compared
to healthy controls [74].

The accumulation of protein aggregates correlates with signs of poly
(ADP-ribose) polymerase (PARP) hyperactivation, as indicated by
elevated poly(ADP-ribose) (PAR) levels detected by immunohisto-
chemistry in A-T granule cells [74]. This suggests a model where ROS
accumulating in ATM-deficient neurons triggers a pathological cycle of
oxidative DNA damage, PARP enzyme hyperactivation due to unre-
paired DNA lesions, and ultimately the widespread aggregation of pro-
teins into an insoluble state [31,74]. The cerebellar enrichment of these
protein deposits aligns with the cerebellum being the primary region
affected by the neurodegenerative process in A-T.

In summary, oxidative stress emerges as a key instigating factor
driving the molecular pathogenesis of neurodegeneration in A-T. The
ROS burden arising from ATM dysfunction initiates a cascade involving
DNA damage, PARP hyperactivation, and finally irreversible protein
aggregation, which ultimately disrupts proteostasis and neuronal
viability in the cerebellum. The ATM kinase therefore plays a critical
role in maintaining mitochondrial redox homeostasis and quality con-
trol processes by acting as a mitochondrial ROS sensor to engage anti-
oxidant responses, mitochondrial biogenesis, and clearance programs.
Disruption of these protective mechanisms in A-T likely fuels excessive
mitochondrial ROS production and oxidative damage that preferentially
impacts high energy-demanding neurons, providing a unifying para-
digm for the neurodegenerative phenotypes of this disorder.

7. Oxidative stress and transcriptional dysregulation during
neurodegeneration in A-T disease

Cells derived from A-T patients and ATM-null mouse models exhibit
significantly elevated levels of ROS, altered redox homeostasis, and
heightened antioxidant responses compared to controls [11,12,28,30,
33,34,75–77], suggesting that loss of ATM function compromises the
cellular ability to mitigate oxidative insults. Importantly, ATM itself can
be activated through a non-canonical pathway independent of
double-strand DNA breaks. This alternative mode of activation involves
the formation of intermolecular disulfide bonds between the two
monomers of the ATM dimer in response to oxidative stress [23,78]. The
source of ROS capable of eliciting this oxidation-dependent ATM acti-
vation has been traced to dysfunctional mitochondria [31].

Using separation-of-function ATM mutants, specific variants like
R3047X have been identified that abrogate oxidation-dependent acti-
vation while retaining DNA damage-induced activation [23,79–81].
Cells lacking ATM oxidation sensing displayed elevated ROS levels,
mitochondrial dysfunction, defective ROS-induced checkpoints and
autophagy, as well as increased nuclear protein aggregation [31,74].
Notably, oxidation-deficient cells accumulated transcription-dependent
single-strand DNA (ssDNA) breaks, a form of genome instability linked
to cerebellar neurodegeneration [74,82]. Evidence indicates that ssDNA
breaks in ATM-deficient cells arise from persistent RNA-DNA hybrids
(R-loops) that induce hyperactivation of PARP1/2, driving protein ag-
gregation [74,83].

Through genome-wide mapping, it has been revealed that loss of
ATM activity increases R-loop levels preferentially at promoter regions
and GC-rich sequences, coinciding with poly(ADP-ribose) (PAR) accu-
mulation [74,83]. These oxidative genomic lesions correlated with
reduced expression of highly transcribed, GC-rich genes in A-T patient
cerebellum, many implicated in cerebellar ataxias [83]. Mechanistically,
it is proposed that in the absence of ATM’s redox functions, elevated
ROS triggers transcriptional stress manifested as persistent R-loops. The
resulting ssDNA breaks hyper-activate PARP1/2, depleting cellular
NAD + pools and promoting aberrant PAR signaling that disrupts
transcription [74]. Over time, this oxidative damage accumulates

preferentially at highly expressed, GC-rich loci like those encoding cal-
cium signaling proteins (e.g. ITPR1, CA8), progressively disrupting
transcriptional programs vital for cerebellar neuron function and sur-
vival [83–88].

In addition to its roles in the DNA damage response, ATM also reg-
ulates transcriptional processes that may contribute to neuro-
degeneration when disrupted (Fig. 4). Exposure to ionizing radiation has
been shown to induce alternative splicing of pre-mRNAs in an ATM-
dependent manner [89–91]. Similar R-loop accumulation has been
observed in ATM-deficient systems like mouse testes where it correlates
with elevated DNA damage and apoptosis [92]. In plant models, ATM
regulates alternative splicing of mitochondrial transcripts like nad2 in
response to genotoxic stress [93], indicating an evolutionarily conserved
role in coupling mitochondrial function to gene expression programs.

These findings highlight a previously unappreciated role for ATM in
safeguarding transcriptome integrity via oxidation sensing and R-loop
resolution. Oxidative stress-induced transcriptional dysregulation,
preferentially impacting highly transcribed cerebellar genes encoding
essential proteins like calcium signaling factors, likely represents a
central pathogenic mechanism underlying the region-specific neuro-
degeneration in A-T. Therapeutic strategies to ameliorate oxidative
damage and restore redox balance may offer novel interventions for this
devastating disease.

8. ATM deficiency and the role of antioxidants/reducing agents

Accumulating evidence strongly implicates oxidative stress as a key
contributor to the clinical manifestations of A-T, a disorder caused by
deficiency in the ATM protein kinase. Treatment with various antioxi-
dants and reducing agents has been shown to ameliorate multiple
phenotypic abnormalities associated with ATM deficiency in cellular
and animal models (Fig. 5) [17].

Administration of the catalytic antioxidant EUK-189, which has su-
peroxide dismutase and catalase activities, corrected neurobehavioral
deficits, normalized brain fatty acid levels, and extended lifespan in
ATM knockout mice [94]. Similarly, antioxidant treatment with iso-
indoline nitroxide rescued impaired Purkinje neuron survival and den-
dritic differentiation in ATM-null models, underscoring oxidative stress
in cerebellar degeneration [95].

NAC, a thiol-containing compound, exhibits multifaceted antioxi-
dant and cytoprotective properties attributed to three main mechanisms
[96]. Firstly, the free thiol group in NAC confers disulfide reductant
capacity, allowing it to reduce extracellular and intracellular disulfide
bonds, which is beneficial in conditions associated with oxidative stress
and protein misfolding [97]. Secondly, the sulfhydryl group enables
NAC to directly scavenge and neutralize various oxidants, such as
hydrogen peroxide, hypochlorous acid, and highly reactive hydroxyl
radicals, counteracting oxidative stress and mitigating the deleterious
effects of reactive oxygen species [98]. Thirdly, NAC serves as a pre-
cursor for the synthesis of the endogenous antioxidant glutathione
(GSH), boosting intracellular GSH levels by providing cysteine, the
rate-limiting substrate for GSH biosynthesis, thereby enhancing the
cellular redox balance and protection against oxidative damage [96].

In ATM-null mice, NAC increased lifespan, reduced ROS, restored
mitochondrial membrane potential, and delayed lymphoma develop-
ment [45]. Additionally, NAC prevented T cell apoptosis [99], prema-
ture senescence, and defective T cell development in ATM-deficient
cells/mice [29]. Remarkably, NAC relieved widespread protein aggre-
gation, including of CK2β, observed in ATM-deficient lymphoblastoid
cells and cells expressing an oxidation-resistant ATM variant [74],
suggesting ROS drive this aggregation.

Studies have also revealed ROS-scavenging by NAC can reduce
detrimental phenotypes. NAC reduced accumulation of topoisomerase
1-DNA covalent complexes (TOP1cc) in ATM-deficient astrocytes [100],
eliminated ROS-dependent single-strand DNA breaks in ATM-depleted
human cells [74], and normalized metabolic dysregulation related to

J.-H. Lee



Redox Biology 75 (2024) 103269

7

Fig. 4. Transcriptional Dysregulation in A-T Disease
The transcriptional dysregulation occurs in neurons affected by Ataxia-Telangiectasia (A–T) disease, contrasted with the normal transcriptional processes in healthy
neurons.
(Left) In healthy neuron (blue), orderly transcription occurs at a GC-rich promoter, with an active RNA polymerase synthesizing RNA, suggesting that GC-rich genes,
ITPR1 and CA8, show normal expression levels. Additionally, functional ATM is shown activating splicing factors, enabling proper RNA splicing.
(Right) In an A-T neuron (orange), transcription is disrupted at a GC-rich promoter, with an R-loop formation. The RNA polymerase II is blocked, unable to transcribe,
followed by the reduced expression of ITPR1 and CA8. In the absence of functional ATM, splicing factors remain inactive, leading to impaired splicing. Furthermore,
accumulation of PAR chains is observed, suggesting PARP hyperactivation due to unresolved DNA damage. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Therapeutic Interventions in A-T.
This figure illustrates the diverse beneficial effects of antioxidant therapies in various models of ataxia-telangiectasia (A–T). It depicts the antioxidant NAC reducing
ROS levels, restoring mitochondrial function, preventing protein aggregation, and alleviating the accumulation of topoisomerase 1-DNA covalent complexes
(TOP1cc) in astrocytes. It also indicates that the antioxidant EUK-189 can normalize brain fatty acid levels and extend lifespan in treated mice. Together, these
illustrations highlight the potential of antioxidants like NAC and EUK-189 to ameliorate various pathological processes underlying A-T through their diverse
mechanisms of action.
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the TCA cycle in cells expressing an oxidation-sensing ATMmutant [24].
Moreover, NAC supplementation conferred lifespan extension in
ATM-deficient mice and nematode models [101], potentially by allevi-
ating PARP1 hyperactivation driven by unrepaired oxidative lesions.

Collectively, these findings provide compelling evidence that
oxidative stress is a central driver of ATM deficiency pathologies.
Antioxidant or reducing agent-based therapies thus hold significant
therapeutic potential for ameliorating diverse aspects of the complex A-
T phenotype.

8.1. Concluding remark

While the link between ATM dysfunction and increased oxidative
stress leading to the Ataxia-Telangiectasia phenotype has been estab-
lished, the precise mechanisms by which ATM maintains redox ho-
meostasis remain incompletely understood (Fig. 6). Several potential
mechanisms have been proposed:

Transcriptional Regulation: ATM may modulate redox balance by
regulating the transcription of genes involved in antioxidant responses
and mitochondrial function. The transcription factors NRF-1 and NRF-2,
which are influenced by ATM, play crucial roles in regulating mito-
chondrial ROS levels and antioxidant gene expression, respectively
[102,103]. Additionally, the histone protein H2AX, a target of ATM, is
implicated in maintaining mitochondrial homeostasis and ROS regula-
tion [102,103].

RNA Splicing: ATM’s involvement in pre-mRNA processing [104]
suggests that RNA splicing regulation could contribute to its role in
redox homeostasis. Supporting this, cells expressing an
oxidation-defective ATM mutant (C2991L) accumulate protein aggre-
gates enriched in factors related to DNA metabolism and gene expres-
sion, indicating potential sequestration of proteins involved in ROS
homeostasis and mitochondrial function [31].

Protein Aggregation: Aberrant protein aggregation, a common
feature in neurodegenerative diseases like Parkinson’s and Alzheimer’s
[105], has been observed in ATM-deficient cells. Notably, this aggre-
gation is dependent on elevated oxidative stress, as treatment with the
antioxidant NAC rescues the specific aggregation pattern [31]. Dis-
rupted proteostasis due to protein aggregation may contribute to the A-T
pathology.

Despite these insights, several fundamental questions remain unan-
swered regarding the mechanisms underlying A-T neurodegeneration:

1. What is the role of ROS, given the involvement of the ROS-activated
ATM pathway in neurodegeneration [17,23], and how ROS con-
tributes to elevated DNA damage in A-T cells/tissues, potentially via
mitochondrial dysregulation [31,32,43,44]. However, this mito-
chondrial link requires more direct investigation in future studies.

2. What are the precise molecular mechanisms by which loss of ATM
function leads to transcriptional changes and neurodegeneration in
the cerebellum of A-T patients? The potential contribution of R-

Fig. 6. Consequences of ATM Dysfunction in Redox Homeostasis
Dysfunction of the ATM kinase, which is crucial for maintaining redox homeostasis, leads to a cascade of detrimental cellular events including accumulation of
reactive oxygen species (ROS) due to reduced antioxidant responses, oxidative damage to DNA, lipids, and proteins, impaired repair of oxidative DNA lesions
resulting in genomic instability, disruption of cell cycle checkpoints and p53 activation causing uncontrolled cell cycle progression and apoptosis, compromised
mitochondrial biogenesis and function with reduced ATP production and increased mitochondrial ROS generation exacerbating oxidative stress, ultimately
culminating in neuronal damage and degeneration manifesting as the neurodegenerative symptoms characteristic of Ataxia-Telangiectasia (A–T).
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loops, which are overabundant in ATM-deficient neurons/cells [74,
83,106], to cytoplasmic RNA/DNA hybrid accumulation and innate
immunity activation, as R-loops can be excised to the cytoplasm
under certain conditions [107].

3. Why are highly expressed genes, particularly those involved in
Purkinje cell function and high GC content, preferentially down-
regulated in A-T patient cerebellum tissues? Recent article shows
that there is different patterns of transcripts specific to Purkinje cells
in between A-T and control cerebellum [83]. The potential role of
DNA sequence context in transcriptional dysregulation could be
further investigated.

4. What are the potential therapeutic strategies that could be developed
based on the findings related to transcriptional stress, RNA-DNA
hybrids, and DNA damage in ATM-deficient cells? Antioxidant
treatment or expression of RNA-DNA helicases could reduce the
levels of single-stranded breaks in neuron-likes cells [83].

5. What is the role of single-strand DNA breaks observed in ATM-
deficient cells, which are linked to cerebellar dysfunction in other
DNA repair syndromes [82,108]?

6. What are precise roles of PARP hyperactivation, NAD + depletion,
and protein aggregation in driving neurotoxicity and Purkinje cell
loss in A-T cerebellum. Parylation levels are higher in cerebellum
tissue from humans with A-T compared with control subjects [74].

7. What are the implications of dysregulated calcium signaling, with
components of the inositol phosphate pathway like ITPR1 and CA8
being downregulated in A-T cerebellum and mouse models [74,
83–88,106,109], and whether this is a cause or consequence of
neurodegeneration, potentially related to impaired
ER-mitochondrial crosstalk [110]?

Elucidating the interplay between these mechanisms and ATM’s
functions in maintaining redox homeostasis is crucial for developing
treatments to slow the progressive neurodegeneration and ataxia in A-T
patients.
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