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Julio Aguado a,*, Cecilia Gómez-Inclán a, Hannah C. Leeson a, Martin F. Lavin b, Yosef Shiloh c, 
Ernst J. Wolvetang a,* 

a Australian Institute for Bioengineering and Nanotechnology, The University of Queensland, Queensland 4072, Australia 
b University of Queensland Centre for Clinical Research, The University of Queensland, Herston, Brisbane, Australia 
c The David and Inez Myers Laboratory of Cancer Genetics, Department of Human Molecular Genetics and Biochemistry, Tel Aviv University School of Medicine, Tel Aviv, 
Israel   

A R T I C L E  I N F O   

Keywords: 
Ataxia-telangiectasia 
ATM 
DNA damage response 
Cellular senescence 
Aging 
Mitochondrial dysfunction 
Oxidative stress 

A B S T R A C T   

Ataxia-telangiectasia (A-T) is caused by absence of the catalytic activity of ATM, a protein kinase that plays a 
central role in the DNA damage response, many branches of cellular metabolism, redox and mitochondrial ho-
meostasis, and cell cycle regulation. A-T is a complex disorder characterized mainly by progressive cerebellar 
degeneration, immunodeficiency, radiation sensitivity, genome instability, and predisposition to cancer. It is 
increasingly recognized that the premature aging component of A-T is an important driver of this disease, and A- 
T is therefore an attractive model to study the aging process. This review outlines the current state of knowledge 
pertaining to the molecular and cellular signatures of aging in A-T and proposes how these new insights can 
guide novel therapeutic approaches for A-T.   

1. Introduction 

Ataxia-telangiectasia (A-T) (OMIM#208900) is a genome instability 
syndrome caused by biallelic mutations in the ataxia-telangiectasia 
mutated (ATM) gene, exhibiting an incidence of ~1:40,000 - 
1:300,000 live births in different communities world-wide (Taylor et al., 
2019) and a median survival rate of ~25 years (Crawford et al., 2006; 
Perlman et al., 2012; Rothblum-Oviatt et al., 2016). ATM, located on the 
chromosomal region 11q22–23, encodes the multi-functional ATM 
protein kinase primarily known for orchestrating the cellular response to 
DNA double-strand breaks (DSBs) (Shiloh and Ziv, 2013). Although 
ATM’s nuclear functions related to maintenance of genome stability 
remain the best understood aspect of ATM, its roles within the cytosolic 
cellular compartment have become an increasing point of interest 
(Hotokezaka et al., 2020; Chow et al., 2019; Stagni et al., 2018; Lee and 
Paull, 2020). Physiologically, the classical clinical picture of A-T par-
allels many aspects of human aging (Fig. 1). A-T is first presented by 
progressive cerebellar cortical degeneration that begins with deterio-
ration and subsequent loss of Purkinje cells and ultimately affects other 
cell types leading to degeneration of the entire cerebellum. The cere-
bellar ataxia that reflects this process advances into a general motor 
dysfunction, ultimately limiting most A-T children to a wheelchair at the 
late stages of their first decade (Nissenkorn and Ben-Zeev, 2015). 

Immunodeficiency that includes the B- and T-cell lineages is another 
hallmark and is often accompanied by recurrent sinopulmonary in-
fections. The multifaceted nature of A-T is further expressed in thymic 
degeneration, primary gonadal failure and occasional endocrine ab-
normalities (Crawford et al., 2006; Perlman et al., 2012; 
Rothblum-Oviatt et al., 2016). The striking predisposition to lymphor-
eticular malignancies is typical for the A-T patients throughout their 
lifespan while tendency to develop solid tumors may appear during the 
second and third decades of life. The acute sensitivity of A-T patients to 
the cytotoxic effect of ionizing radiation (IR) (Morgan et al., 1968) is 
reflected in cultured A-T cells as hypersensitivity to IR and radiomimetic 
chemicals, particularly those that induce double-strand breaks (DSBs) in 
the DNA (Taylor et al., 1975; Shiloh et al., 1983). Importantly, exami-
nation of A-T plasma analytes and a wide range of clinical abnormalities 
indicate a strong premature aging component associated with A-T pa-
thology (reviewed in Shiloh et al., 2017). 

Cellular and organismal aging are characterised by nine defined 
hallmarks: genome instability, telomere attrition, oxidative stress and 
mitochondrial dysfunction, epigenetic alterations, loss of proteostasis, 
deregulated nutrient-sensing, cellular senescence, stem cell exhaustion, 
and altered intercellular communication (Lopez-Otin et al., 2013). Over 
the years, extensive efforts have been devoted to examining 
aging-related alterations in various ATM null systems and cells from A-T 
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patients (Shiloh et al., 2017). This article comprehensively reviews the 
vast evidence for aging hallmarks reported thus far in A-T patients and 
A-T cultured cells (Fig. 2) and ties them to the known functions of ATM. 
We also point at potential treatment strategies targeting aging hallmarks 
that may prove beneficial for this currently untreatable condition. 

2. Genome instability 

Growing evidence supports the notion that accumulation of DNA 
damage over time is a fundamental driver of human aging (Schumacher 
et al., 2021; Vijg, 2021; Ribezzo et al., 2016; Barzilai et al., 2016). Both 
exogenous and endogenous threats incessantly challenge the integrity of 
DNA through damaging sources such as reactive oxygen species (ROS), 
DNA replication errors, environmental agents, and cancer treatments 
such as radiation therapy or chemotherapeutic drugs (Chatterjee and 
Walker, 2017a; Tubbs and Nussenzweig, 2017). These sources generate 
numerous forms of DNA damage that, if not repaired in a timely and 
proper manner, may lead to permanent scars in the form of mutations 
and chromosomal aberrations (Chatterjee and Walker, 2017b; Barnes 
et al., 2018). To cope with these threats, complex repair mechanisms 

have evolved that are capable of dealing with most types of DNA lesions 
– up to a certain amount (Jackson and Bartek, 2009). In mammalian 
cells, the DNA damage response (DDR) has evolved into a vast signalling 
system, which regulates DNA repair while activating special cell cycle 
checkpoints and modulating numerous cellular circuits (Colombo et al., 
2020). The DDR temporarily recruits to its service numerous proteins 
from various cellular arenas and mobilizes massive protein relocation, 
post-translational modifications, and changes in protein stability and 
function (Hanawalt and Sweasy, 2020). This cascade is vigorously 
activated by DSBs (Goldstein and Kastan, 2015; Waterman et al., 2020; 
Jimeno et al., 2019). ATM is the major transducer in the DSB response: 
its kinase activity is enhanced in response to DSBs (“ATM activation”) 
(Paull, 2015), and it phosphorylates more than 1100 targets (Matsuoka 
et al., 2007; Bensimon et al., 2010; Bensimon et al., 2011; 
Schlam-Babayov et al., 2021) in the numerous DDR branches. Notably, it 
was suggested that ATM also phosphorylates and modulates the activity 
of key players in the repair of DNA lesions other than DSBs, many of 
which are part of the daily wear and tear of nuclear DNA (Shiloh et al., 
2017; Shiloh, 2014, 2020). Therefore, other than the abrogation of the 
DSB response, ATM’s loss may affect the maintenance of genome 

Fig. 1. Comparative schematic between the clinical pictures of human aging and A-T. Numbers indicate the major organs affected by A-T’s premature aging 
condition and their associated clinical manifestations. (1) brain, (2) eyes, (3) heart, (4) lungs, (5) liver, (6) skin, (7) gonads and (8) bone. 
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stability at large. Importantly, the efficiency of DNA repair mechanisms 
severely declines in aging (Petr et al., 2020). Furthermore, aging em-
bodies the most important risk factor for the development of cancer 
(Adams et al., 2015) - a disease that often arises upon defective DNA 
repair and consequent generation of tumor-promoting de novo mutations 
(Balmain, 2020). A similar phenomenon is fundamentally accelerated in 
the aging process (Risques and Kennedy, 2018). 

Given the chromosomal breakage and severe deficiency in mainte-
nance of genome integrity in A-T, this genetic condition is included in 
the ‘chromosome instability syndromes’ - a group of disorders with 
inherent tendency for genome alterations that often result in a height-
ened predisposition to malignancy and other pathologies (Taylor et al., 
2019). Despite their low median survival of ~25 years, A-T patients 
possess a lifetime cancer risk of 25%–40% (Suarez et al., 2015), a cancer 
risk one order of magnitude greater than the 3% reported for the human 
population under 25 years old (White et al., 2014). In fact, the inability 
to signal a DNA damage response and subsequent repair in A-T patients 
is most evident in their abnormally heightened sensitivity to the cyto-
toxic effects of ionizing radiation (Rothblum-Oviatt et al., 2016). 

At the cellular level, studies of A-T patient-derived cells have 
demonstrated an exacerbated frequency in the levels of chromosomal 
translocations following radiation as well as spontaneous generation of 
chromosomal instability (Kojis et al., 1991; Bucher et al., 2021). In 

addition, A-T neurons and Atm-deficient mouse neurons reveal defective 
repair of DSBs and abrogated phosphorylation of ATM substrates 
(including H2AX-Ser139 or γH2AX, KAP1-Ser824 and CHK2-Thr68) 
(Carlessi et al., 2014; Stern et al., 2002; Biton et al., 2008; Dar et al., 
2011; Tzur-Gilat et al., 2013; Tal et al., 2018). One intrinsic DNA 
damaging event that increases with aging is the reintegration of active 
retrotransposons – such as Long interspersed element-1 (LINE1) – into 
the human genome (Maxwell et al., 2011). LINE1 sequences alone 
comprise ~20% of the total mammalian genome and recent reports have 
shown a ~15-fold increase in the retrotransposition frequency of human 
LINE1 in ATM-deficient cells and an increase in LINE1 DNA copy 
number in post-mortem brain samples from A-T patients as compared to 
healthy counterparts (Coufal et al., 2011). Further studies in the brain of 
A-T patients have revealed a retrotransposition bias towards the inte-
gration into pre-existing repetitive elements (Jacob-Hirsch et al., 2018). 
Interestingly, these sites of somatic LINE1 integration contain a CCATT 
motif, a known DNA sequence that allows the recruitment of the human 
YY1 transcription factor to sites of DNA damage (Jacob-Hirsch et al., 
2018). Although additional work is needed to better understand the 
potential impact of retrotransposon activity in A-T, the experimental 
data so far suggest a detrimental role of LINE1 in driving aberrantly high 
levels of retrotransposition and a subsequent increase of DNA damage 
and genome instability in A-T somatic cells. 

Fig. 2. The molecular and cellular hallmarks of A-T. These nine hallmarks – genome instability, telomere attrition, epigenetic alterations, loss of proteostasis, 
deregulated nutrient sensing, oxidative stress and mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and altered intercellular communication – 
recapitulate the most significant features common to human aging and A-T, and putatively define the underlying mechanisms responsible for driving A-T’s 
pathogenesis. 
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In addition to its critical role in the DSB response, ATM also plays 
important roles in other homeostatic pathways that safeguard cells from 
other types of stresses (Stagni et al., 2018; Khoronenkova, 2016). These 
roles of ATM, described below, add further dimensions to the premature 
aging phenotype that is associated with its inactivation or genetic 
deletion. 

3. Telomere attrition 

While DNA damage tends to accumulate with age throughout the 
genome in a random fashion, telomeres are chromosomal regions that 
are particularly vulnerable to age-related deterioration (Armanios and 
Blackburn, 2012). Telomeres, nucleoprotein structures composed of 
repetitive DNA sequences bound by a multiprotein complex known as 
shelterin, are positioned at the end of linear chromosomes and their 
major function is to prevent DNA damage recognition at chromosome 
ends (O’Sullivan and Karlseder, 2010). Importantly, telomere sequences 
are lost from the ends of chromosomes in every cell division of somatic 
cells (Griffith et al., 1999). This is explained by the end- replication 
problem, a mechanism where DNA polymerases are unable to complete 
replication of linear DNA molecules (Watson, 1972). These DNA repli-
cation deficiencies and consequent telomere attrition ultimately lead to 
the onset of replicative senescence, also known as the Hayflick limit, a 
phenomenon that results in the limited proliferative capacity of most 
human somatic cells (Hayflick, 1965). Notably, this type of senescence 
initiation is caused by dysfunctional telomeres arising from critically 
short telomeres and altered telomere structures that not only induce a 
DDR signalling activation (d’Adda di Fagagna et al., 2003), but also 
embody irreparable genomic regions that sustain the detrimental 
senescence process (Fumagalli et al., 2012). 

An initial finding related to A-T premature aging features was the 
observation of accelerated telomere shortening and increased telomere 
fusions in A-T peripheral blood lymphocytes (Metcalfe et al., 1996), 
cultured A-T patient fibroblasts (Smilenov et al., 1997; Xia et al., 1996) 
and cell lines expressing dominant-negative fragments of ATM (Smile-
nov et al., 1997). In fact, recent studies have showed that ATM inhibition 
directly induces telomere shortening in human cells, thereby indicating 
its role in regulating telomere length (Lee et al., 2015; Tong et al., 2015). 
In an effort to characterize the role of telomere shortening as a putative 
driver of A-T pathology, subsequent studies on A-T fibroblasts examined 
the ectopic expression of telomerase, a telomere-elongating ribonu-
cleoprotein DNA polymerase complex. Interestingly, such experiments 
rescued both telomere shortening and a number of premature aging 
phenotypes of ATM-deficient cells (Wood et al., 2001; Naka et al., 2004), 
indicating telomere shortening is a contributor to the previously docu-
mented premature senescence of primary A-T fibroblasts (Shiloh et al., 
1982). Moreover, concomitant depletion of Atm and the telomerase 
RNA component (Terc) in mice led to telomere dysfunction and subse-
quent accelerated aging as compared to control counterparts in which 
only Terc was depleted (Wong et al., 2003). While at first glance over-
expression of telomerase would seem an attractive strategy for sup-
pressing premature aging marks in A-T, effective long-term delivery and 
expression of telomerase is difficult and has been associated with an 
increased propensity for long-term tumorigenesis (Artandi et al., 2002), 
a risk already aggravated in A-T patients (Suarez et al., 2015). Alter-
native approaches include for instance the targeting of telomere tran-
scripts via antisense oligonucleotides (ASOs) that are responsible for 
eliciting a telomeric DNA damage signalling (Rossiello et al., 2017; 
Nguyen et al., 2018), and that are known to aberrantly accumulate in a 
number of premature aging syndromes (Aguado et al., 2020, 2019). Due 
to A-T’s characteristic telomere attrition and dysfunction, ASO-driven 
functional inhibition of telomeric non-coding RNAs may represent a 
potential therapeutic avenue to counteract the premature aging aspect 
of A-T. 

4. Oxidative stress and mitochondrial dysfunction 

Oxidative stress is a phenotype shared with premature aging syn-
dromes and normal aging (Sies and Jones, 2020), and correlates with the 
notion that oxidative stress may contribute to the clinical manifestations 
of A-T. Indeed, a role for ATM in sensing and responding to oxidative 
stress was proposed soon after the identification of the ATM gene 
(Rotman and Shiloh, 1997) and subsequently obtained ample support 
from observations in human A-T cells and in Atm-deficient mice 
(reviewed in Shiloh, 2020; Barzilai et al., 2002). A landmark work in this 
field led to the discovery of a mechanism for ATM activation by oxida-
tive stress, which is different from its canonical, DSB-induced activation 
(Guo et al., 2010a; Zhang et al., 2018). Subsequently, the spectrum of 
ATM targets following this mode of activation was found to differ from 
that of DSB-activated ATM (Kozlov et al., 2016), with ATM substrates 
playing roles in various physiological pathways including autophagy, 
mitochondrial homeostasis and proteostasis (Chow et al., 2019; Zhang 
et al., 2018; Tang et al., 2015; Alexander et al., 2010, 2010; Alexander 
and Walker, 2010; Berger et al., 2017; Kozlov et al., 2015; Lee et al., 
2018). Importantly, reduced mitochondrial biogenesis and clearance 
combined with increased mitochondrial DNA damage, impaired 
apoptotic signalling, oxidative damage and diminished efficacy of the 
respiratory chain, all converge over time to aggravate the aging 
phenotype (Sun et al., 2016). 

Within the cerebellum particularly, Atm-deficient mice displayed 
altered levels of the thiol-containing compounds groups glutathione and 
cysteine, increased activity of thioredoxin and manganese superoxide 
dismutase, and decreased catalase activity, all consistent with increased 
ROS production (Kamsler et al., 2001). Dihydroethidium oxidation im-
aging further demonstrated that increased superoxide levels were 
localised to Purkinje cells and nigral dopaminergic neurons in Atm-/- 

mice (Quick and Dugan, 2001). 
In line with this, mitochondria in human A-T lymphoblastoid cells 

were abnormally distributed and displayed reduced membrane poten-
tial, respiration, and oxidation rates (Ambrose et al., 2007). Mitochon-
drial dysfunction was also confirmed in ATM-null thymocytes, while in 
wild type genotypes a portion of ATM protein was localised to the 
mitochondria where it rapidly becomes activated by mitochondrial 
dysfunction (Valentin-Vega et al., 2012). Furthermore, ATM loss resul-
ted in increased ROS and higher numbers of aberrant mitochondria 
(Valentin-Vega et al., 2012). The authors provided evidence that the 
increased mitochondrial mass observed in ATM-deficient thymocytes 
was due to decreased clearance of damaged mitochondria by mitophagy, 
a process which was also found to be defective (Valentin-Vega et al., 
2012), and that is also impaired in aging and age-related diseases (Chen 
et al., 2020a). Indeed, multiple evidence points to defective mitophagy 
in different A-T cell types. Stern et al., 2002 and subsequently Fang et al., 
2016 showed depletion of NAD+ in ATM-deficient cells, which inhibited 
mitophagy and led to mitochondrial malfunction which was restored 
upon NAD+ repletion (Fang et al., 2016); ATM was shown to mediate 
spermidine-induced mitophagy in fibroblasts (Qi et al., 2016) and more 
recently nutrient deprivation in A-T led to a significant reduction in 
mitophagy which appeared to be due to a shift in the mitochondrial 
balance to fusion (Yeo et al., 2021a). Collectively, these findings suggest 
that failure to remove defective mitochondria is expected to interfere 
with normal mitochondrial function in A-T cells. 

A specific pathway coupling ROS-mediated ATM activation and 
mitochondrial homeostasis is stimulated by mitochondrial-derived ROS 
and promotes the cell’s antioxidant response by increasing the abun-
dance and activity of glucose-6-phosphate dehydrogenase, thus 
increasing glucose metabolism via the pentose phosphate pathway and 
producing NADPH (Zhang et al., 2018; Guo et al., 2010b). In support of 
this, in rat cardiac myocytes Atm was consistently located to the inner 
mitochondrial membrane, and its chemical inhibition reduced oxidative 
phosphorylation at complex I and decreased NADH oxidation, resulting 
in lower levels of cellular NADPH (Blignaut et al., 2019). By acting as an 
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electron donor to glutathione and thioredoxin, NADPH functions as an 
antioxidant (Ren et al., 2017), thus a loss of functional ATM protein 
could jeopardise a cells’ innate antioxidant defences, a process which is 
also known to decline with aging in multiple human tissues (Fernan-
dez-Marcos and Nobrega-Pereira, 2016). This is also supported by the 
finding that ATP depletion activates ATM to modulate mitochondrial 
function through nuclear respiratory factor 1 (NRF1) (Chow et al., 
2019). The mechanism appears to be through generation of ROS, which 
leads to ATM-dependent phosphorylation, dimerization, nuclear entry, 
up-regulation of mitochondrial genes to enhance the capacity of the 
electron transport chain and consequently mitochondrial function. The 
authors propose that in the absence of ATM, Purkinje cells are particu-
larly susceptible to energy demands – due to their 62 times higher en-
ergy consumption than cerebral granule cells – and thus have high 
metabolic and ATM demands (Chow et al., 2019). While a common view 
is that defective maintenance of genome stability is responsible for the 
cerebellar degeneration in A-T (Shiloh, 2020), it is also possible that the 
particularly high demand for energy in Purkinje cells makes them sus-
ceptible and mitochondrial function may play an important role in the 
survival of these cells. 

Antioxidant therapy options thus present attractive candidates to 
reduce oxidative stress-related symptoms of A-T. One example, iso-
indoline nitroxide, an antioxidant that mimics superoxide dismutase, 
when applied to mouse Atm-/- cultured Purkinje cells and to pregnant 
dams, protected against Purkinje cell death and neurodegeneration, 
enhanced dendritic branching, and reduced oxidative stress to wild type 
levels (Chen et al., 2003). In addition, catalase overexpression, targeted 
to mitochondria, reduced the incidence of thymic lymphomas in Atm-/- 

mice and partially rescued defects in memory T cells (D’Souza et al., 
2013). 

A role for ATM in regulating mitochondrial transfer between healthy 
and DNA-damaged cells has also recently been reported (Liu et al., 
2021). Mitochondria and other small organelles can move between 
neighbouring cells, especially under stress conditions, facilitating direct 
communication and contributing to cell recovery. ATM-dependent, 
bilateral mitochondrial transfer was observed between healthy and 
irradiated fibroblasts, and subsequent fusion next allowed for the repair 
of irradiation-damaged mitochondria (Jin and Cordes, 2019). 
ATM-deficient cells were incapable of this process, although unilateral 
transfer was possible from controls to ATM-/- cells. Importantly, ATM 
was critically involved in this process and ATM-/- cells were incapable of 
supporting the survival of neighbouring DNA-damaged cells (Jin and 
Cordes, 2019). 

Collectively, current available evidence in A-T models as well as 
patient cells strongly supports the idea that mitochondrial dysfunction 
contributes to A-T premature aging phenotypes and that antioxidant 
pharmacological interventions may ameliorate neuronal survival and 
the overall A-T detrimental clinical picture. However, the vast number 
of potential ATM targets in response to genotoxic and oxidative stresses 
(Matsuoka et al., 2007; Bensimon et al., 2010; Bensimon et al., 2011; 
Schlam-Babayov et al., 2021; Kozlov et al., 2015) indicates that the 
complete array of pathways downstream of ATM activation is far from 
exhaustive and their study may further contribute to a better under-
standing of the premature aging aspects of A-T. 

5. Epigenetic alterations 

The process of DNA compaction is highly dynamic, modulated by 
environmental conditions and drastically changes over the human life-
span (Zhang et al., 2020). 

During the cell cycle interphase of germinal and somatic cells, there 
are two major compartments within chromatin: heterochromatin and 
euchromatin. The former adopts a tight structure that, for the most part, 
is transcriptionally silent. Even though heterochromatin constitutes a 
barrier to DNA repair factor recruitment to DNA-damaged loci, it re-
mains permissive to DNA damage signalling, and this is thought to 

underlie its higher mutation rates (Fortuny and Polo, 2018). Repetitive 
regions such as telomeres, centromeres and retrotransposons embody 
constitutive heterochromatin, genomic regions that are frequently found 
attached to the nuclear envelope, often referred to as lamina-associated 
domains (LADs) (van Steensel and Belmont, 2017). The assembly of 
heterochromatin requires the trimethylation of H3K9, H4K20 and 
H3K27, often accompanied by extensive regions of CpG DNA methyl-
ation (Saksouk et al., 2015). Conversely, euchromatin is a more acces-
sible genome conformation containing numerous active genes and 
generally is marked by H3K4me1 (predictive features of active en-
hancers), H3K4m3 (markers of transcription start sites) and H3K36me3 
(enriched throughout highly transcribed regions) (Bannister and Kou-
zarides, 2011). 

Recent studies have described epigenetic alterations occurring dur-
ing the aging process. These changes span different layers of the 
epigenetic regulation, which include a global reduction of heterochro-
matin, nucleosome remodelling and loss, genome wide changes in his-
tone post-translational modifications, DNA methylation changes, as well 
as re-localization of chromatin modifiers (Sen et al., 2016; Kane and 
Sinclair, 2019). Interestingly, despite the overall drop in heterochro-
matin content, specialized domains of facultative heterochromatin 
(named senescence-associated heterochromatin foci or SAHF) arise with 
age and contribute to the silencing of proliferation-promoting genes 
(such as E2F target genes) (Narita et al., 2003). 

In the context of A-T pathology there is a global redistribution of 
heterochromatin as observed by micrographs of stained DNA and 
H3K27me3 (Grattarola et al., 2003). Interestingly, A-T patient-derived 
cells display elevated heterochromatin levels. This increase is the 
result of the stabilization of the H3K27 methyltransferase enhancer of 
zeste homolog 2 (EZH2), whose degradation is dependent on 
ATM-mediated phosphorylation. The relevance of this phenotype is 
evidenced by a lentiviral knockdown of EZH2 that rescues A-T de-
ficiencies including Purkinje cell degeneration and behavioural abnor-
malities in Atm-null mice (Li et al., 2012). Furthermore, A-T patients’ 
cerebella show a nuclear accumulation of histone deacetylase 4 
(HDAC4). In healthy conditions, the bulk of HDAC4 protein remains in 
the cytoplasm in a phosphorylated state. Only when Protein phospha-
tase 2 (PP2A) removes this phosphate group, HDAC4 can be translocated 
to the nucleus, a process regulated through ATM by direct phosphory-
lation of PP2A. Given the intrinsic ATM deficiency in A-T, this represents 
an additional dysregulated epigenetic process present in A-T premature 
aging pathology (Li et al., 2012). During aging there is a decrease in the 
expression of the histone methyltransferase SUV39H1 in hematopoietic 
stem cells, leading to a reduction of H3K9 trimethylation (Djeghloul 
et al., 2016). One mechanism of degradation of the SUV39H1 protein is 
mediated by the ubiquitin-ligase MDM2. Interestingly, in hypoxic con-
ditions ATM phosphorylates MDM2, thus preventing MDM2-mediated 
degradation of SUV39H1 (Likhatcheva et al., 2021). Given that this 
newly discovered mechanism is likely to be disrupted in A-T, it will be 
interesting to determine its contribution to A-T’s premature aging 
phenotypes. 

In addition to histone post-translational modifications, there is a 
general reduction of histone content with advanced age (O’Sullivan 
et al., 2010). Although this phenotype has not been directly addressed in 
A-T, RNA sequencing data from 2D cerebellar neurons derived from 
induced-pluripotent stem cells (iPSC) of A-T patients revealed a severe 
dysregulation of 14 histone genes (HIST3H2BA, HIST3H2BB, H2AFY, 
HIST1H3I, HIST1H4L, HIST1H4I, HIST1H2BO, HIST1H3A, 
HIST1H2BM, HIST1H4F, HIST1H1A, H2AFY2, HIST4H4 and H2AFJ) as 
compared to their healthy counterparts (Nayler et al., 2017). 

DNA methylation patterns represent fundamental epigenetic traits 
that can be used to determine the aging process. DNA methylation 
deposition in humans is catalysed by three DNA methyltransferases 
(DNMT1, DNMT3a and 3b) and removal of this mark is mediated by the 
ten-eleven-translocation (TET) proteins (Sen et al., 2016). Across human 
aging tissues, an enrichment of methylation in CpG regions within 
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promoters of poorly expressed genes was found to be associated with a 
concomitant hypomethylation in regions outside these regulatory ele-
ments (Day et al., 2013). The robustness of these methylation patterns 
has defined the so-called “epigenetic clock”, giving rise to a unified 
theory of life course (Horvath and Raj, 2018; Horvath, 2013). Interest-
ingly, genome-wide DNA methylation profiling of peripheral blood 
mononuclear cells obtained from A-T patients revealed differential 
promoter methylation of 146 of these differentially expressed genes 
(McGrath-Morrow et al., 2020). Many of these genes were aging asso-
ciated, including SERPINE1 (McGrath-Morrow et al., 2020), a protein 
elevated in conditions of insulin resistance and premature aging (Khan 
et al., 2017). In addition, a recent study has shown that 5-hydroxyme-
thylcytosine (5hmc), a newly recognized epigenetic marker found at 
high levels in neurons, is significantly reduced in human A-T patients 
and Atm-null mouse cerebellar Purkinje cells (Jiang et al., 2015). 

As discussed further, cellular senescence is a hallmark of aging. One 
of its characteristics is the formation of the SAHF; nuclear foci that are 
characterised by dense regions marked by heterochromatin protein 1 
(HP1) content, H3K9me3, macroH2A and the high-mobility group A 
(HMGA) protein binding (Chandra and Narita, 2013). Interestingly, in 
cellular senescence there is also a non-stochastic heterochromatin 
redistribution that involves around 30% of the chromatin, including the 
LADs (Sedivy et al., 2008). Although the cellular senescence-related 
chromatin changes and SAHF components of A-T thus far have been 
scarcely characterised, growing efforts in characterising the 
genome-wide epigenetic changes in A-T have provided novel advances 
in our understanding of how A-T and other premature aging syndromes 
are associated with global epigenetic alterations characteristic of human 
aging. 

6. Loss of proteostasis 

The loss of protein homeostasis or proteostasis - a process that in-
volves the correct synthesis, folding, stabilization and subsequent 
degradation of proteins - is considered a major driver of aging and age- 
related cellular dysfunction (Hipp et al., 2019; Sabath et al., 2020). This 
balance is primarily dependent on chaperones (proteins that catalyse the 
correct folding and stability of proteins) and two major degradation 
outlets: the autophagosomal-lysosome and ubiquitin-proteasome path-
ways, in which chaperones also participate. The failure to maintain this 
balance during the aging process prompts the onset of age-related dis-
eases such as cardiac dysfunctions, cataracts, sarcopenia and neurode-
generative conditions including Alzheimer’s disease (Labbadia and 
Morimoto, 2015). During the aging process, the protein conformation 
maintenance is challenged by factors such as acquired mutations and 
external stresses including ROS that favour the formation of aggregates 
or misfolded proteins (Klaips et al., 2018). 

Cells from A-T patients exhibit a greater accumulation of ROS and 
mitochondrial damage that has been linked to the disruption of cellular 
proteostasis in these cells (Reichenbach et al., 2002; Poletto et al., 2017) 
(the role of mitochondrial problems in A-T aging hallmarks has been 
discussed above, see ‘‘Oxidative Stress and Mitochondrial Dysfunc-
tion’’). Interestingly, in A-T there is a global increase in protein aggre-
gation, and proteomic analysis of A-T patient lymphoblast cells reveals 
defects in global protein phosphorylation patterns (Lee et al., 2018). In 
fact, this phenotype is directly linked to an increase in 
poly-ADP-ribosylation brought about by ATM deficiency (Lee et al., 
2021), a posttranslational modification that is known to attract disor-
dered proteins and thus acts as a seed for their aggregation (Lee et al., 
2021; Gupte et al., 2017). In terms of chaperone protein content, an 
increase in HSP27 and HSP60 in the serum of paediatric A-T patients 
compared to age-matched controls has been observed (Ozcelik et al., 
2017). 

Senescent cells exhibit a decrease in proteasome basal function that 
is associated with the accumulation of damaged proteins (Sabath et al., 
2020; Sitte et al., 2000). Similarly, in A-T the ubiquitin-proteasome 

signalling pathway is dysregulated in patient-derived cells as well as 
in Atm-knockout mice (Wood et al., 2011). This phenotype was linked to 
ATM’s role in inhibiting the ISG15 pathway, a signalling cascade that 
regulates proteasome-mediated protein turnover (Wood et al., 2011). As 
for the autophagosomal-lysosomal signalling pathway, aged human 
tissues exhibit transcriptional downregulation of many of its major 
players, including ATG5, ATG7 and BECLIN1 (Lipinski et al., 2010). In 
the context of A-T, autophagy and lysosomal trafficking are both defi-
cient in ATM-deficient neurons and these insufficiencies were found to 
impact cellular functions such as synapse maintenance and neuronal 
survival (Cheng et al., 2020). In addition, transmission electron micro-
scopy experiments in lymphocytes from A-T patients revealed accumu-
lation of autophagosomes, further suggesting a disruption in the 
autophagy-lysosomal pathway upon ATM loss (D’Assante et al., 2017). 
Altogether, there is substantial evidence that A-T patients undergo 
aging-associated perturbed proteostasis, and experimental ablation of 
ATM can precipitate and recapitulate the characteristic loss of proteo-
stasis in A-T. 

7. Deregulated nutrient sensing 

Aging is the major risk factor for metabolic diseases such as insulin 
resistance, type 2 diabetes mellitus, and other endocrine pathologies 
(Khosla et al., 2020) that are linked to dysregulation of nutrient-sensing 
pathways. Notably, A-T patients bear an increased risk of developing 
insulin resistance and type 2 diabetes early in life (Donath et al., 2020; 
Nissenkorn et al., 2016), and exhibit decreased brain glucose meta-
bolism, as observed by positron emission tomography (Volkow et al., 
2014). Mechanistic insights into the role of ATM in metabolic homeo-
stasis originated from experiments showing that ATM depletion en-
hances the symptoms of metabolic syndrome in an apoE null mouse 
model of atherosclerosis. Treatment with chloroquine, a compound 
known to enhance ATM activity (Bakkenist and Kastan, 2003), was 
shown to improve the distinctive metabolic abnormalities observed in 
this model (Schneider et al., 2006). 

One of the major regulators of nutrient-sensing in mammals is the 
somatotrophic axis, which is comprised of the growth hormone (GH) 
and the insulin-like growth factor 1 (IGF-1)/insulin signalling (IIS) 
pathway. The IIS is considered one the most conserved aging-controlling 
pathways, given that the levels of GH and IGF1 decline over time during 
aging (Junnila et al., 2013) and that downregulation of several of its 
targets (such as FOXO transcription factors, AKT, IGF1–1R and mTOR) 
affects the lifespan of different organisms, including humans (Liu and 
Sabatini, 2020). Interestingly, and similarly to what occurs in aging, A-T 
patients exhibit reduced serum levels of IGF-1 and IGFBP3 (Schubert 
et al., 2005) and undergo growth failure with concomitant decreased 
blood levels of GH (Voss et al., 2014). Indeed, since ATM is known to 
modulate the nutrient-sensing pathway by altering the expression of 
IGF1-IR in response to cellular stress (Shahrabani-Gargir et al., 2004), 
IGF-1 treatment has been proposed as a possible treatment for A-T pa-
tients (Fernandez et al., 2005). Furthermore, under stress conditions, 
ATM represses mTOR via activation of the LKB1/AMPK pathway, 
resulting in decreased mitochondrial activity and ROS levels (Alers 
et al., 2012). Interestingly, the downregulation or inhibition of mTOR 
extends the lifespan of multiple model organisms (Liu and Sabatini, 
2020). Similarly, in ATM-deficient cells the increased ROS levels and 
mTOR activity are restored by the mTOR inhibitor Rapamycin (Alex-
ander et al., 2010), a treatment that also ameliorates lymphomagenesis 
in Atm-deficient mice (Alexander et al., 2010). 

Other sensors of nutrient scarcity and catabolism are the sirtuins. The 
sirtuins are a family of NAD-dependent protein deacetylases and ADP- 
ribosyltransferases that sense low-energy states by detecting high 
NAD+ levels (Houtkooper et al., 2010). Stern et al., 2002 first noticed an 
imbalance in pyridine nucleotides in Atm-/- brains, with a significant, 
progressive decrease in both the reduced and the oxidized forms of NAD. 
Notably, NAD+ depletion is a hallmark of aging tissues (Rajman et al., 
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2018). Indeed, NAD supplementation improved lifespan and healthspan 
of Atm-deficient mice, while boosting intracellular NAD+ levels with 
nicotinamide riboside (NR) prevented senescence and improved motor 
function in Atm-deficient mice (Fang et al., 2016; Yang et al., 2021). 
Furthermore, SIRT1 increases healthspan by improving genomic sta-
bility (Herranz et al., 2010) and deacetylates, and thus activates, the 
PPARγ co-activator 1α (PGC-1α), orchestrating a metabolic response 
that includes mitochondrial biogenesis, enhanced anti-oxidant defences, 
and improved fatty acid oxidation (Rodgers et al., 2005). In addition, in 
Atm-deficient mice NAD+ increases the repair of DSBs through activa-
tion of Ku70 and DNA-PKcs with concomitant hyperactivation of the 
sirtuins (Fang et al., 2016). Importantly, there is recent evidence sug-
gesting that ATM acts as a sensor of nutrient stress (Yeo et al., 2021a). In 
this study inhibition of glycolysis activated ATM, a process that 
appeared to be dispensable of DNA damage signalling given that mini-
mal levels of γH2AX and phosphorylation of the ATM downstream 
substrate KAP-1 were detected. Conversely, there is also evidence that 
an increase in ROS brought about by ATM may be involved in activation 
of glycolysis (discussed above, see ‘‘Oxidative Stress and Mitochondrial 
Dysfunction’’). The significance of this can be appreciated from the 
observation that in the absence of ATM cells are hypersensitive to 
glycolysis inhibition to the same degree as that observed when exposed 
to ionizing radiation and oxidative stress (Yeo et al., 2021a). 

In response to oxidative stress ATM favours the pentose phosphate 
pathway, which in turn promotes the phosphorylation of Hsp27 and 
subsequent binding to glucose-6-phosphate dehydrogenase, ultimately 
increasing the production of NADPH and nucleotide synthesis required 
for DSB repair. Upon ATM ablation, the levels of these downstream 
products are reduced (Cosentino et al., 2011). Altogether, compelling 
evidence supports the instrumental role of ATM in balancing cellular 
and organismal nutrient sensing, a series of pathways that become 
deregulated in ATM deficiency in both animal models and A-T patients. 

8. Cellular senescence 

Cellular senescence is a process that often leads to irreversible cell 
cycle arrest, marked alterations in chromatin organization and 
numerous metabolic circuits, and a multi-faceted senescence-associated 
secretory phenotype (SASP) (Gorgoulis et al., 2019). Cell senescence 
plays a role in development and tissue homeostasis, as well as in 
age-related degenerative and malignant diseases (Rodier and Campisi, 
2011; Campisi, 2013). It can be induced in proliferating cells in response 
to significant stress resulting from insults such as DNA damage, telomere 
attrition, mitochondrial dysfunction, oxidative stress or oncogene acti-
vation (Hernandez-Segura et al., 2018). Growing evidence reveals that 
the gradual accumulation of senescent cells over time contributes to 
organismal aging and drives co-morbidities such as cancer and chronic 
degenerative diseases (Gil, 2019; Calcinotto et al., 2019). Senescent cells 
often accumulate at sites of age-related pathologies and exert a signifi-
cant detrimental impact on the normal physiology of the tissues, initi-
ating a progressive functional deterioration (Martinez-Cue and Rueda, 
2020; Katzir et al., 2021; Di Micco et al., 2021). 

Senescent cells are variably characterized by combinations of 
morphological and biochemical characteristics none of which alone 
define this cell fate. Among these are activation of senescence-associated 
β-galactosidase (SA-β-Gal), nuclear shape alterations, senescence- 
associated heterochromatin foci (SAHF), increased DNA damage foci, 
loss of Lamin B1, upregulation of the cell cycle inhibitors, p16INK4a and 
p21CIP1, increased p27, altered heterochromatin organization, and the 
SASP - secretion of a variable collection of growth factors, chemokines 
and inflammatory factors (Coppe et al., 2010). 

Cellular senescence is also associated with a release of nuclear DNA 
fragments into the cytoplasm (Campisi, 2013; Ivanov et al., 2013; Dou 
et al., 2015). Such DNA fragments, also known as cytoDNA (Miller et al., 
2021), are proposed to be formed due to DNA replication problems (Ho 
et al., 2016), defective DNA repair (Ahn et al., 2014), mitochondrial 

dysfunction (Vizioli et al., 2020) or accumulation of cytoplasmic 
reverse-transcribed retroelements (De Cecco et al., 2019). The presence 
of cytoDNA ultimately results in activation of the cGAS-STING signalling 
pathway (Dou et al., 2017; Gluck et al., 2017; Yang et al., 2017), a 
cytosolic DNA-sensing response that plays essential roles in activating 
pro-inflammatory SASP genes (Ishikawa and Barber 2008; Barber, 2015; 
Ishikawa et al., 2009). Notably, dysfunctional mitochondria not only 
have a direct effect on other cytoplasmic organelles in aging but also 
perturb the integrity of the nuclear genome through ROS retrograde 
signalling pathways, which ultimately drives cytoDNA formation and 
consequent initiation of pro-inflammatory gene expression in senescent 
cells (Vizioli et al., 2020). 

A marked premature senescence of A-T primary fibroblast lines was 
first noted in the early 1980s (Shiloh et al., 1982) and was subsequently 
confirmed in various cell types from A-T patients (Wood et al., 2001; 
Naka et al., 2004; Barascu et al., 2012; Davis and Kipling, 2009; Park 
et al., 2013; Luo et al., 2014) (Fig. 3a). Cultured A-T fibroblasts were 
also found to harbour elevated levels of cytoDNA (Lan et al., 2019), a 
phenotype that appears dependent on DDR signalling deficiencies and 
that results in activation of pro-inflammatory pathways (Fig. 3b). 
Furthermore, mechanistic studies utilising olfactory 
neurosphere-derived cells from A-T patients demonstrate a detrimental 
role for ROS-JNK retrograde signaling pathway in instigating cytoDNA 
formation and hence the SASP (Aguado et al., 2021). While cytoDNA can 
be degraded by the autophagosome-lysosome machinery (Lan et al., 
2019), this pathway is defective in A-T (Cheng et al., 2020) and thus may 
contribute to further cytoDNA accumulation in patient cells. In addition, 
studies in Atm-deficient mice demonstrated a role for cGAS and STING 
in priming a cytoDNA response, resulting in a systemic 
pro-inflammatory phenotype (Hartlova et al., 2015). Although senes-
cence was not assessed in these mouse studies, it is noteworthy that 
multiple cytokines enriched in Atm-null mice are common to the SASP 
transcriptional signature. Of note, recent studies examining the conse-
quences of short-term ATM inhibition in human wild type cells have 
recently reported increased (Chen et al., 2020b) and decreased (Kang 
et al., 2017) cellular senescence readouts upon exposure to the in-
hibitors. These results could either be explained by the fact that ATM 
inhibitors would prevent DNA damage-dependent ATM signalling and 
hinder senescence enforcement. On the other hand, inhibition of ATM 
results in defective repair and consequent increased DNA damage, 
inducing genome instability and ensuing acquisition of cellular senes-
cence phenotypes. Future studies will help clarify this apparent 
incongruity. 

Neurodegeneration remains as yet the most poorly understood 
aspect of A-T disease phenotypes (Rothblum-Oviatt et al., 2016; Shiloh, 
2020; Biton et al., 2008). Focusing on the central nervous system, a 
recent study reported increased cellular senescence, and cytoDNA 
accumulation in the form of micronuclei in A-T patient-derived brain 
organoids as compared to wild type controls (Aguado et al., 2021). Some 
of the senescence hallmarks in these A-T brain organoids included high 
SA-β-gal activity, elevated p21CIP1 and SASP expression, reduced Lamin 
B1 levels and increased nuclear shape abnormalities. Specifically, the 
authors demonstrated that senescent cells within A-T patient-derived 
brain organoids were enriched in astrocyte populations and exerted a 
pro-inflammatory cGAS-STING-dependent SASP induction (Fig. c). 
Importantly, pharmacological inhibition of either cGAS or STING in A-T 
brain organoids ameliorated multiple senescence signatures and 
improved neuronal synaptic activity and survival (Aguado et al., 2021). 
In line with this, a separate study using cultured astrocytes isolated from 
newborn Atm-knockout mice showed reduced cell proliferative capacity 
concomitant with accelerated onset of cellular senescence as indepen-
dently measured by increased p16INK4a expression and SA-β-gal activity 
(Kim and Wong, 2009). In the same study the authors proposed that the 
premature senescence observed in Atm-deficient astrocytes was in part 
driven by increased ROS, as exemplified by the observation that anti-
oxidant treatments delayed the initiation of the senescence process (Kim 
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and Wong, 2009). In addition, a separate report focusing on neural 
progenitor cells derived from A-T reprogrammed fibroblasts also 
showed increased SA-β-gal activity and IL-6 SASP production in cells 
positive for MAP2, a dendritically enriched protein and a marker of 
synaptic plasticity (Sunderland et al., 2020). 

In summary, mounting evidence from multiple models of ATM 
deficiency and biopsy-derived patient lines suggests that cellular 
senescence arises as a response to chronic damage leading to a delete-
rious microenvironment that promotes premature acquisition of aging 
marks in A-T. Importantly, interventions that seek to prevent or delay 
cellular senescence, some of which belong to the so-called senomorphic 
and senolytic drug families (Di Micco et al., 2020) (such as cGAS and 
STING inhibitors), have shown encouraging outcomes and are emerging 
as important strategies with the capacity to halt neurodegenerative 
processes as well as to reduce the detrimental pro-inflammatory path-
ways associated with the SASP (Aguado and Wolvetang, 2022). An 
additional trigger of the SASP in senescence is the accumulation of 
aberrantly elevated cytoplasmic LINE1 reverse-transcribed retroele-
ments, which are recognised by cGAS and STING in a 
sequence-unspecific manner to drive interferon responses (Gorbunova 
et al., 2021). Importantly, blocking LINE1 transcription using inhibitory 
RNA molecules or via inhibition of LINE1 reverse transcription with the 
drug Lamivudine prevents this interferon SASP response in senescent 
cells (De Cecco et al., 2019). Given that A-T patient cells exert a higher 
frequency in LINE1 retrotransposition (Coufal et al., 2011) (discussed 
above, see ‘‘Genomic Instability’’), it is conceivable that future studies 
using therapeutics targeting LINE1 activity –such as Lamivudine, 
Emtricitabine or Tenofovir– in combination with senomorphic 

compounds that target the cGAS-STING pathway may yield beneficial 
outcomes in A-T cells, by delaying their characteristic premature entry 
into cellular senescence and their associated detrimental paracrine ef-
fects, including the SASP. 

9. Stem cell exhaustion 

The progressive decline in the regenerative capacity of human tissues 
has emerged as a prominent feature of aging. Adult stem cells are 
fundamental to the processes of tissue replenishing and maintenance of 
normal organ function and damaged tissue regeneration (Post and 
Clevers, 2019). However, during physiological aging tissue-resident 
stem cells decline in number and function, and show an increased pro-
pensity to enter senescence, which jeopardizes their regenerative ca-
pacity, and thus may contribute to tissue loss and degeneration 
(Ermolaeva et al., 2018). 

In A-T, there is compelling evidence that a lack of ATM leads to 
profound disruptions in the stem cell niche. In the central nervous sys-
tem (CNS), ATM absence appears to significantly impact human neural 
stem cell (NSC) differentiation. While the differentiation rates towards 
MAP2 and β-Tubulin III-positive neurons remains unaffected by ATM 
ablation, the yield of GABAergic neurons is severely compromised 
(Carlessi et al., 2013) and inversely, astrocytic commitment is abnor-
mally favored (Aguado et al., 2021). In addition, the expression of 
neuronal maturation and synaptic markers including SCG10, SYP and 
PSD95 is notably deregulated (Carlessi et al., 2014), although A-T 
neurons display similar action potential discharges as their control 
counterparts. 

Fig. 3. Proposed models for cytoDNA-driven SASP activation in A-T. (a) Referenced evidence of hallmarks of senescence in A-T models and diverse patient cell types. 
(b) Genotoxic stress leads to DNA damage repair, accumulation of cytoDNA and cellular senescence in a manner dependant on the severity of DNA damage and the 
capacity of cells to elicit an efficient DDR. A-T fibroblasts undergo deficient DDR and therefore accumulate high levels of cytoDNA, ultimately leading to activation of 
pro-inflammatory pathways and premature onset of cellular senescence. (c) The schematic shows that upon ATM depletion, nuclear and/or mitochondrial DNA may 
mislocalize into the cytoplasm – giving rise to cytoDNA species – and activate cGAS. Nuclear shape abnormalities in A-T may lead to micronuclei formation; and 
when the nuclear envelope (NE) of micronuclei ruptures, the DNA content is exposed to cGAS surveillance. Other forms of cytoDNA such as DNA chromatin – for 
instance products arising from unresolved DNA damage, or LINE-1 reverse-transcribed complementary DNA – may also contribute to cGAS activation. Active cGAS 
dimerizes to synthesize 2′3′-cyclic GMP-AMP (cGAMP) from ATP and GTP. cGAMP in turn activates STING on the endoplasmic reticulum (ER) surface, which allows 
the phosphorylation and subsequent translocation of the transcription factors IRF3 and NF-κB into the nucleus to elicit the expression of the SASP. 
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Further to the functional abnormalities of stem cell observed in the 
CNS of A-T, a reduced ability of hematopoietic stem cells (HSCs) to 
divide and differentiate into lymphocyte progenitor cells in the devel-
oping bone marrow has been reported. Specifically, ATM’s role in 
regulating ROS was shown to be essential to facilitate HSC self-renewal, 
and its genetic ablation led to the upregulation of p16INK4a and HSC 
dysfunction (Ito et al., 2004). Importantly, in vivo treatment with 
N-acetyl-L-cysteine (an antioxidant agent) restored the regenerative 
capacity of Atm-deficient HSCs in mice, ultimately preventing bone 
marrow failure (Ito et al., 2004). Furthermore, lack of ATM leads to 
impaired T lymphocyte maturation and accumulation of immature cells 
in the thymus (Matei et al., 2007). In fact, the functional response to ROS 
in the thymus is compromised in the absence of ATM activity (Ito et al., 
2007), further reinforcing the detrimental role of ROS in driving HSC 
dysfunction in A-T. Similar to the phenotypes observed in aging and 
premature aging syndromes, A-T patients also display bone deficiencies 
including osteoporosis/osteopenia and low vitamin D levels (Roth-
blum-Oviatt et al., 2016). 

To understand these deficiencies at the cellular level, experiments in 
Atm-deficient mice examined the role of adult stem cells in bone tissue 
replenishing. Interestingly, osteoclastogenesis and colony formation 
assays using bone marrow cells derived from Atm-null mice yielded 
equivalent results compared to wild type counterparts (Hishiya et al., 
2005), suggesting no defects in bone resorption. In contrast, 
Atm-deficient mice showed reduced bone tissue formation due to pro-
liferation defects in mesenchymal stem cell progenitor cells (Hishiya 
et al., 2005). These deficiencies mechanistically involved the hyper-
phosphorylation of p38 – a molecular driver of cellular senescence 
(Anerillas et al., 2020) – as well as a significant reductions in the levels of 
the IGF-1 receptor in bone marrow cells of Atm-/- mice (Hishiya et al., 
2005). 

The germline is likewise susceptible to the aging process, including 
for instance spermatogonial stem cell dysfunction, a process that leads to 
a progressive loss of sperm-forming potential that is accompanied by 
abnormal proliferation and major epigenetic alterations (Kanatsu-Sh-
inohara et al., 2019). Fundamentally, spermatogenesis is sustained by 
the reconstitutive capacity of undifferentiated spermatogonial pop-
ulations (Takubo et al., 2008). Interestingly, in Atm-deficient mice a 
progressive decline in undifferentiated spermatogonia is observed that is 
accompanied by the acquisition of cell-cycle arrest phenotypes both in 
vitro and in vivo (Takubo et al., 2008). Specifically, this checkpoint 
arrest activation in undifferentiated Atm-null spermatogonia is driven by 
increased DNA damage, as measured by Comet assay, and the upregu-
lation of the p19ARF-p53-p21CIP1 axis pathway. Importantly, genetic 
depletion of p21CIP1 in an Atm-null background restored the stem cell 
capacity of undifferentiated spermatogonia by overcoming the DNA 
damage-induced checkpoint arrest, indicating that ATM also plays 
fundamental roles in preserving germ line stem cell self-renewal 
(Takubo et al., 2008). 

10. Altered intercellular communication 

While cell-intrinsic changes constitute a fundamental trait of the 
aging process, defects at the level of intercellular communication like-
wise contribute to organismal aging (Fafian-Labora and O’Loghlen, 
2020). Chronic inflammation, often referred to as “inflammaging”, is a 
consequence of abnormal intercellular communication and may arise 
from increased tissue damage, enhanced activation of the NF-kB tran-
scription factor, progressive gain in defective autophagy, or deficiencies 
in immune clearance of pathogens and dysfunctional host cells (Fran-
ceschi et al., 2018). Interestingly, whole-body elimination of senescent 
cells reduces the systemic levels of proinflammatory cytokines (Baker 
et al., 2016), suggesting that the SASP arising from cellular senescence is 
a strong contributor to “inflammaging”. Of note, inflammation is also 
involved in the pathogenesis of type 2 diabetes, a condition that is 
common to both human aging and A-T (see ‘‘Deregulated Nutrient 

Sensing’’). 
Analyses of the transcriptional signatures of patient biopsies 

emphasize the relevance of detrimental pro-inflammatory pathways in 
A-T (McGrath-Morrow et al., 2018). Interestingly, nuclear translocation 
and consequent activation of NF-kB is detected in rodent models of A-T 
(Quek et al., 2017; Song et al., 2019), a phenomenon also observed in 
A-T patient-derived brain organoids and that also display enrichment of 
transcriptional signatures related to NF-kB-dependant inflammation 
(Aguado et al., 2021). Furthermore, cells from A-T patients and 
Atm-deficient mice undergo diminished inflammasome activation 
leading to impaired anti-bacterial innate immunity (Erttmann et al., 
2016). This is particularly relevant since a major cause of mortality in 
A-T is respiratory bacterial infections. Mechanistically, Atm absence 
impairs NLRC3 and NLRC4 inflammasomes via ROS, highlighting a vital 
role for oxidative stress – putatively stemming from dysfunctional 
mitochondria – in the negative regulation of inflammasomes and 
ensuing anti-bacterial immunity (Erttmann et al., 2016). 

Sirtuins also have a major influence on inflammatory responses 
associated with aging (Imai and Guarente, 2016). SIRT1, a protein 
deacetylase dependent on NAD+, plays a protective role in dampening 
inflammation-related genes. This occurs via suppression of NF-κB sig-
nalling through deacetylation of the p65 subunit of NF-κB (Yeung et al., 
2004). Given the observed NAD+ depletion and subsequent reduction in 
SIRT1 activity in A-T, it is conceivable that their abnormally low levels 
may directly contribute to NF-κB hyperactivation. Supporting this 
postulate, boosting intracellular NAD+ levels via NR supplementation 
reduces the characteristic chronic inflammation present in the brain of 
Atm null mice (Yang et al., 2021). On the other hand, a direct role for 
ATM has been identified involving downregulation of La ribonucleo-
protein domain family member 7 (LARP7), a 7SK RNA binding protein 
and antagonist of aging (Yan et al., 2021). ATM activation triggers the 
extracellular shuttling and downregulation of LARP7, leading to 
dampening of SIRT1 deacetylase activity and enhancing p53 and NF-κB 
transcriptional activity to accelerate cellular senescence (Yan et al., 
2021). Likewise, SIRT6 is also found to exert anti-inflammatory effects 
(Imai and Guarente, 2016) and plays a role in DDR sensing (Onn et al., 
2020). Notably, the phosphorylation of SIRT6 – a direct ATM target – is 
essential to preserve SIRT6 stability and bypasses MDM2-mediated 
ubiquitination and proteasomal degradation (Qian et al., 2018). 
Furthermore, additional gene copies of Sirt6 extend the lifespan and 
restore metabolic deficiencies in Atm-deficient mice. Importantly, low 
dose treatment with chloroquine, known to activate ATM, promotes 
enhanced SIRT6 activity and reduces systemic inflammation in a pro-
geric mouse model (Qian et al., 2018). Altogether, mounting evidence 
indicates that the hallmarks of aging in A-T are not limited to merely 
cell-intrinsic phenomena but also extend to broad alterations in inter-
cellular communication alterations that may allow novel therapeutic 
opportunities for modulating premature aging at the organismal level in 
A-T. 

11. Interventions and hallmarks crosstalk 

While the pathophysiology and molecular mechanisms that portray 
A-T’s clinical picture span all hallmarks of aging, their capacity to 
interrelate is remarkable. These hallmarks in fact, rather than nine in-
dependent factors driving the aging process, are highly intertwined 
processes, and elucidating the interplay between these is critical to 
understanding A-T’s premature aging phenotypes. Interventions tar-
geting individual hallmarks of aging represent mechanistic opportu-
nities to interrogate the interdependency among A-T aging hallmarks. 
Consequently, in the recent years various strategies have been devel-
oped using a combination of in vitro models of senescence and in vivo 
accelerated aging animal models, some of which represent putative in-
terventions for targeting aging processes in A-T (Table 1). For instance, 
the use of antiretroviral drugs blocking LINE-1 activity transcends their 
capacity to prevent DNA damage via self-copy and reintegration at new 
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sites in the genome. Given that LINE-1 retrotransposition relies on in-
termediate cytosolic DNA reverse-transcribed elements, the inhibition of 
this process also alleviates cytoDNA-responsive cGAS/STING pathways 
and ensuant transcription of the SASP (De Cecco et al., 2019). Thus, 
although the primary consequence of LINE-1 de novo self-integration 
results in increased genome instability, other hallmarks including 
cellular senescence and SASP-dependant intercellular communication 
are consequently affected. The use of the HDAC4 inhibitor trichostatin A 
(TSA) further highlights this crosstalk among hallmarks. While the 
defective nuclear accumulation of HDAC4 and consequent epigenetic 
alterations in vivo can be prevented by TSA injection in ATM null mice, 
HDAC4 inhibition impacts multiple A-T phenotypes related to senes-
cence and genome instability. These include restored cell cycle marker 
levels, improved cerebellar neuron survival and locomotor activity, and 
reduced neuronal DNA damage (Li et al., 2012). 

Other putative interventions that impact multiple symptomatic fea-
tures of aging are for instance those with the capacity to modulate ATM- 
independent telomere dysfunction signalling. ASOs targeting telomeric 
damage-induced long ncRNAs not only prevent site-specific DNA dam-
age signalling, but also block a DDR-dependent SASP secretome and 
ensuant tissue immune infiltrates, thus affecting multiple downstream 
hallmarks (Aguado et al., 2019). Importantly, suppression of mito-
chondrial ROS or inhibition of JNK signalling attenuates cytoDNA for-
mation, DNA damage accumulation and SASP expression in senescent 
cells (Vizioli et al., 2020), a phenomenon also observed in A-T patient 
cells (Lan et al., 2019; Aguado et al., 2021) further highlighting the 
interconnectivity among hallmarks. Given A-T cells’ characteristic 
altered nutrient sensing and sensitivity to metabolic stress, interventions 
targeting these have recently been tested. Triheptanoin, a triglyceride 
containing three odd chain fatty acid heptanoate molecules, was 
recently found to correct various defective pathways present in A-T, 
including aberrant endoplasmic reticulum-mitochondrial signalling, 
mitochondrial dysfunction and mitochondrial autophagy; a strategy 
currently tested in an ongoing clinical trial in A-T patients (Yeo et al., 
2021b). Furthermore, dysregulation of mTOR represents an additional 

altered nutrient sensing phenotype in A-T that can be attenuated by 
rapamycin treatment, an intervention that concomitantly rescues 
mitochondrial dysfunction-induced ROS (Alexander et al., 2010). In 
fact, ROS inhibition by either N-acetyl-L-cysteine or catalase in A-T 
mouse models in turn reduces p16INK4a and p19ARF markers, cellular 
senescence phenotypes that were found to ultimately induce stem cell 
dysfunction (Ito et al., 2004). Notably, the use of PARP inhibitors has 
made possible the connection between DNA damage and pathological 
self-assembly of intrinsically disordered proteins in ATM deficiency (Lee 
et al., 2021). In fact, it appears that upon ROS-induced single-strand 
DNA break generation in A-T cells, insoluble protein species arise at 
PAR-associated genomic sites, indicating a dependency of loss of pro-
teostasis phenotypes on elevated oxidative stress and genome instability 
(Lee et al., 2021). 

While certain aging hallmarks such as genome stability, senescence, 
and oxidative stress and mitochondrial dysfunction appear to prefer-
entially play central roles in driving aging processes in A-T; the pub-
lished data supports a theory of aging mechanisms where these 
hallmarks – and possibly others yet to be discovered – collectively and 
synergistically contribute the A-T’s premature aging pathology. 

12. Conclusions and future perspectives 

Patient cells as well as cellular and mouse models have greatly 
advanced our understanding of the molecular drivers of premature aging 
disorders and have provided novel insights into the drivers of human 
aging. Over recent years, the functional characterization of the accel-
erated aging phenotypes of A-T in a similar range of model systems has 
not only revealed that ATM absence affects each of the major hallmarks 
of aging, but also provided insights into their connectivity, as outlined in 
this review. This broad impact of ATM deficiency on the aging process is 
both a function of the large number of protein targets that are phos-
phorylated by ATM as well as its multifunctional role in orchestrating 
DNA damage responses in the nucleus and its antioxidant response and 
metabolic roles in the cytoplasm, including mitochondria. Indeed, it is 

Table 1 
| Proposed interventions targeting A-T aging hallmarks.  

Putative intervention Targets Dysregulated phenotype in A-T In vitro dose In vivo dose Refs 

Lamivudine LINE-1 Increased LINE-1 retrotransposition 7.5 μM * 2 mg ml− 1 (Coufal et al., 2011; De Cecco et al., 2019) 
Telomerase Telomeres Accelerated telomere shortening – – (Wood et al., 2001; Naka et al., 2004; 

Wong et al., 2003) 
Telomeric antisense 

oligonucleotides 
Telomeric non-coding 
RNA 

Dysfunctional telomeres 20 nM 15 mg kg− 1 (Rossiello et al., 2017; Aguado et al., 2019; 
Michelini et al., 2018) 

Tazemetostat EZH2 Increased H3K27me3 1 μM 125 mg kg− 1 (Grattarola et al., 2003; Li et al., 2012) 
Trichostatin A HDAC4 Nuclear accumulation of HDAC4 10 μM 10 mg kg− 1 (Li et al., 2012) 
Veliparib PARP Cerebellar protein aggregation 10 μM 12.5 mg kg− 1 (Lee et al., 2021) 
IGF-1 Insulin signalling 

pathway 
Reduced systemic IGF-1, IGFBP3 and GH 
blood levels 

– – (Schubert et al., 2005; Voss et al., 2014; 
Fernandez, 1 et al., 2005) 

Rapamycin mTOR Increased ROS and mTOR activity 0.2 μM 15 mg kg− 1 (Alexander et al., 2010) 
Nicotinamide riboside NAD+ Deficient mitophagy 500 μM * 12 mM (Fang et al., 2016; Yang et al., 2021) 
N-acetyl-L-cysteine ROS Increased ROS in stem cell niche and 

inflammasome defects 
25–100 μM 100 mg kg− 1 (Ito et al., 2004; Erttmann et al., 2016) 

Glutathione ROS Inflammasome activation defects – – (Erttmann et al., 2016) 
Acetylsalicylic acid cGAS CytoDNA 4 mM 50 mg kg− 1 (Aguado et al., 2021; Dai et al., 2019) 
H-151 STING CytoDNA 3 μM 4 mg kg− 1 (Aguado et al., 2021; Haag et al., 2018) 
CCCP STING CytoDNA 50 μM – (Song et al., 2019) 
SP600125 JNK CytoDNA 20 μM 50 mg kg− 1 (Vizioli et al., 2020; Aguado et al., 2021) 
MitoQ ROS-JNK signalling Cytoplasmic DNA accumulation 20 nM * 250 μM (Vizioli et al., 2020; Aguado et al., 2021) 
PD98059 ERK Increased ROS 50 μM 10 mg kg− 1 (Kim and Wong, 2009) 
Betamethasone Glucocorticoid 

receptors 
Elevated inflammatory signatures 10–1000 nM 30 μg kg− 1 (Quek et al., 2017) 

Ibuprofen Cyclooxygenase Elevated inflammatory signatures 200 μM 62.5 mg kg− 1 (Hui et al., 2018) 
SB230580 p38 p38-driven cellular senescence 10 μM – (Davis and Kipling, 2009) 
Triheptanoin Mitochondria Mitochondrial dysfunction 750 μM – (Yeo et al., 2021b) 

LINE-1, Long interspersed element-1; EZH2, Enhancer of zeste homolog 2; IGF-1, Insulin-like growth factor 1; IGFBP3, IGF binding protein-3; GH, Growth hormone; 
mTOR, mammalian target of rapamycin; ERK, extracellular signal-regulated kinase; ROS, reactive oxygen species; JNK, c-Jun N-terminal kinase; NAD, Nicotinamide 
adenine dinucleotide; cGAS, cyclic GMP–AMP synthase; STING, stimulator of interferon genes; PARP; Poly-ADP-ribose Polymerase. *Intervention administered in 
drinking water. 
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becoming increasingly clear that ATM plays crucial roles in balancing 
and fine-tuning metabolic and mitochondrial redox homeostasis pro-
cesses with nuclear DNA damage and epigenetic responses - molecular 
processes that have well-understood interlinked roles in cellular senes-
cence and organismal aging. As pointed out above, accumulation of 
senescent cells with time not only fuels the aging process but also drives 
co-morbidities such as cancer and chronic degenerative diseases. One of 
the major hallmarks of aging is mitochondrial dysfunction, and as 
indicated above there is compelling evidence for this in a variety of 
ATM-deficient cells. This is manifested by abnormalities in energy 
metabolism and mitophagy and the likely accumulation of abnormal 
mitochondria which would impact on cellular behaviour. The allelic loss 
of the autophagic gene Becn1 and its ability to delay tumorigenesis 
suggests that this is occurring by altering mitochondrial abnormalities 
rather than improving the DNA damage response. 

Remarkably, while genetic depletion of ATM results in a significant 
decrease in lifespan and healthspan (Fang et al., 2016), increased ATM 
kinase activity in vivo has the opposite effect (Qian et al., 2018). This 
accentuates the pro-longevity role of ATM, highlights A-T’s unique 
progeroid hallmarks and reinforces the notion that A-T is an important 
model for studying the molecular drivers of human aging. In this review, 
we have appraised the latest findings made using ATM-deficient 
cultured cells as well as in vivo models of A-T, highlighting emerging 
therapeutic opportunities that may ameliorate the phenotypes that un-
derpin A-T premature aging. This is a fine example of the span of insights 
into human biology that can be obtained from studying rare genetic 
disorders and the broad biomedical implications of these studies. 
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