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The cloning of the gene that encodes the mutated in ataxia-
telangiectasia (ATM) protein in 1995 (1) led to a major 
overhaul of our scientific thinking in terms of the role 
of cell signaling pathways in the DNA damage response 
(DDR) network and in determining cellular and individual 
radiation sensitivity. ATM is best characterized as the apical 
kinase in the cellular response to ionizing radiation-induced 
DNA double strand breaks (DSBs), where it interacts with 

the Mre11-Rad50-Nbs1 (MRN) damage sensor complex 
and subsequently signals to a multitude of proteins involved 
in DNA repair, cell cycle checkpoint activation, apoptosis, 
and senescence-like growth arrest, by preferentially 
phosphorylating them on serine or threonine residues (2); 
Figure 1. Several excellent reviews have been published on 
various aspects of ATM signaling and function [e.g., (6-9)] 
and should be consulted for details. The number of ATM 
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Abstract: The cloning of the mutated in ataxia-telangiectasia (ATM) gene in 1995 led to major insights 
into the biology of ATM and axiomatically into the role of cell signaling in the DNA damage response 
(DDR) network and its importance for cellular radiosensitivity. Although individuals afflicted with DDR-
related defects such as ATM are extremely radiosensitive, the goal of using information on the status of 
such genes in the context of an individual cancer patient’s risk of experiencing normal tissue complications 
if they were to receive radiation therapy (XRT) remains largely unfulfilled. However, two separate studies 
published in 2016 and relating to very different aspects of ATM biology show great promise for application 
to this scenario. One of these [Andreassen et al. Radiother Oncol 2016 Jul 18. pii: S0167-8140(16)31177-X], a 
radiogenomics approach, showed that a single nucleotide polymorphism in the ATM gene, specifically ATM 
G>A Asp1853Asn (rs1801516), is significantly associated with the risk of both acute and late complications 
when applied to a large cohort of cancer patients. The second study (Granzotto et al. Int J Radiat Oncol Biol 
Phys 2016; 94: 450-60), which used a cellular phenotype approach, showed that the combination of readouts 
for DNA double strand break (DSB) recognition (peak early levels of phosphorylated nuclear ATM foci) 
and DSB repair (residual γH2AX foci after 24 h) in 2 Gy-irradiated fibroblasts also provided a powerful 
discrimination of individual patient radiosensitivity, including a clear demarcation between the two sub-sets 
of hyper-radiosensitivity that comprise grade 4–5 responses, namely ATM-like with defects in both DSB 
recognition and repair, and those related to severe DSB-repair defects (such as in Ligase IV syndrome). 
These encouraging findings suggest that we may be getting close to realizing predictive assays that will give 
clinicians a reasonable insight into the radiation sensitivity of an individual patient.
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substrates is likely in the hundreds, so ATM signaling is 
complex and exerts profound effects on cellular function. 
Some important findings in regard to ATM stress signaling 
from the current perspective include:

(I)	 The observation that, like many other proteins, 
the activation of ATM in response to DSBs 
involves various post-translational modifications, 
including the early step of autophosphorylation 
between ATM dimer partners at serine-1981 to 
generate activated/phosphorylated monomers (10)  
and acetylation (e.g., by the Tip60 histone 
acetyltransferase) which plays a key role in linking 
the DDR to chromatin remodelling, which is itself 
an important component of the DDR (11);

(II)	 The identification of many downstream targets of 
the ATM kinase activity, which include p53, Chk2, 
KAP1 and the H2AX histone, the serine-139 
phosphorylated form of which (γH2AX) has 

become a widely-used biomarker for ionizing 
radiation-induced DSBs (6,8);

(III)	 The periodic wave-like nature of the recurring 
activation of ATM (and consequently of its substrates 
such as p53) by DNA damage, as well as its 
deactivation, e.g., by phosphatases such as WIP1 (12);

(IV)	 The emerging realization that ATM’s location and 
function extends beyond its well-defined DDR 
roles in the nucleus (Figure 1). Indeed, ATM has 
been reported in the cytoplasm, especially of 
neuronal or neuron-like cells, and in sub-cellular 
organelles such as mitochondria, endocytotic 
vesicles, microsomes, peroxisomes and centrosomes 
(3,6,8) where it may exert a variety of DNA 
damage-independent activities. For example, 
cytoplasmic ATM has been implicated in the 
maintenance of cellular redox homeostasis, where 
it might function as a direct cytoplasmic sensor of 

Figure 1 Highly simplified schematic showing some of the key features of the nuclear and cytoplasmic activation of ATM-mediated 
responses triggered by DSBs and ROS. Arrows indicate stimulation, T-shaped lines indicate inhibition, and dashed lines indicate 
translocation. In response to ionizing radiation exposure, ATM dimers undergo autophosphorylation and monomerization and recruitment 
to DSB sites by the MRN complex. Activated ATM monomers phosphorylate a number of substrates that control DNA repair, cell 
cycle checkpoints and biological outcomes (2). In addition to these nuclear roles in the DDR, cytoplasmic ATM has been implicated 
in maintaining cellular redox homeostasis, possibly by acting directly as an ROS sensor via its oxidation at cysteine residues (3). Such 
a mechanism has indeed been described (4). Among the downstream consequences of cytoplasmic ATM activation by ROS that likely 
contribute to redox homeostasis is the activation of the TSC2 component of the TSC1-TSC2 complex via the LKB1/AMPK pathway, 
resulting in mTORC1 repression and induction of autophagy (3). Both ionizing radiation and ROS can activate the NF-κB transcription 
factor through various routes (5), including via the IKK-IκB axis, as shown here. ATM, mutated in ataxia-telangiectasia; DSB, DNA double-
strand break; ROS, reactive oxygen species; LKB1, liver kinase B1; AMPK, AMP-activated protein kinase; mTORC1, mammalian target 
of rapamycin complex 1; TSC, tuberous sclerosis complex; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; IκB, 
inhibitor of NF-κB; IKK, IκB kinase; MRN, Mre11-Rad50-Nbs1; NEMO, NF-κB essential modulator (IKK-γ).
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reactive oxygen species (ROS), possibly involving 
cysteine oxidation (3), as well as participating in 
insulin signaling and in the modulation of synaptic 
function in neuronal cells (7). The mitochondrial 
ATM pool is involved in maintaining mitochondrial 
homeostasis and is activated by mitochondrial 
dysfunction (8). These extra-nuclear functions of 
ATM are presumed to contribute to some of the 
phenotypic features apparent in ATM (also known 
as Louis-Bar syndrome) patients (3);

(V)	 In addition to its pivotal role in DSB repair, ATM 
kinase activity may also play a role in the resolving 
other types of genotoxic stress (6).

These advances in our understanding of the fundamental 
biology of ATM will hopefully be translated into progress 
in preventing or controlling human disease. One such 
area of intense interest is in their application to guiding 
treatment decisions in the clinical practice of XRT for 
cancer. A “holy grail” here has long been to identify pre-
treatment biomarkers that will predict an individual 
patient’s predisposition to adverse normal tissue toxicities 
[e.g., (13)]. Such biomarkers would not only potentially 
spare at-risk individuals from debilitating (and potentially 
life threatening) reactions but might also allow dose 
escalation to non-susceptible patients with the expectation 
of improved tumor control; indeed, a recent estimate 
suggests that the dose to the most resistant 40% of patients 
might be increased by ~20% (14).

The feasibility of cellular/molecular and subsequent 
genomic biomarker approaches to stratifying individual 
radiosensitivity was initially driven by the observation that 
at least some radiation susceptibility (“extreme”) is due to 
inherited genetic alterations associated with DNA damage 
processing proteins, such as with ATM itself (15). Not 
surprisingly, ATM, as a master regulator of the DDR, as 
well as other key DSB repair proteins, were among the 
most widely-studied candidate molecules in early biomarker 
studies, including radiogenomics approaches that largely 
focused on single nucleotide polymorphisms (SNPs) in 
such genes (13). Despite considerable efforts, biomarkers 
based on genes/proteins such as ATM proved insufficiently 
robust for clinical adoption (16). Although candidate-gene 
SNPs in some DDR genes, including ATM, were reported 
to be associated with excess normal tissue radiotoxicity in 
some instances, e.g., in some prostate and breast cancer  
patients (13), such studies were largely underpowered and 
lacked a validation cohort, and subsequent studies with 
larger cohorts failed to validate any of these DDR-gene 

SNPs as XRT toxicity biomarkers (17,18). A particularly 
interesting example relates to the ATM G>A Asp1853Asn 
(rs1801516) SNP which is located in a highly conserved 
element in the ATM gene. It results in a non-conservative 
amino acid substitution from an acidic aspartic acid to 
a polar asparagine in exon 39, such that it might have 
functional consequences, and it was therefore a particular 
focus of candidate gene studies. Although the ATM 
rs1801516 variant was associated with normal tissue toxicity 
after XRT in some small studies, two meta-analyses looking 
at this SNP in larger cohorts were contradictory [reviewed 
in (19)].

So far, 2016 has proven to be a notable year for ATM 
in the translational XRT domain with the publication of 
two very provocative papers. The first of these (19), from 
members of the International Radiogenomics Consortium 
(RgC), was made possible by the compilation of a very large 
and well-annotated multicenter patient cohort. This resource 
has facilitated not only agnostic genome-wide association 
studies that use high-throughput microarrays incorporating 
large numbers of validated reference SNPs [e.g., (17)] 
but has also enabled well-powered studies of individual 
candidate-gene SNPs. Indeed, such a meta-analysis of the 
ATM rs1801516 SNP was undertaken by RgC investigators 
who examined DNA samples obtained from 5,456 patients: 
2,759 breast cancer XRT patients from 11 cohorts; and 2,697 
prostate cancer XRT patients from 6 cohorts; in relation to 
~200,000 individual toxicity gradings spanning 8 acute/late 
endpoints (19). The study showed a significant association 
between the ATM rs1801516 SNP (Asn variant allele carriers) 
and increased risk of overall toxicity, acute toxicity, late 
toxicity, acute skin toxicity, acute rectal toxicity, telangiectasia, 
and fibrosis, but not late rectal toxicity. Associations were 
stronger for acute than late endpoints.

Another remarkable series of observations in regards 
to translating advances in our knowledge of the biology 
of ATM to the prediction of inter-individual variability 
in normal-tissue complications following XRT was also 
published in 2016, this time by Granzotto and colleagues 
from the COPERNIC project (20). The study looked at 117 
non-transformed fibroblast strains derived from skin biopsy 
specimens obtained largely from patients receiving XRT 
for various cancers, but included cells from some cancer-
free (control) and radiation-hypersensitive individuals with 
known rare predisposing genetic DDR defects. Three 
cellular end points were examined up to 24 h after in-vitro 
exposure of fibroblasts to 2 Gy of γ rays: micronuclei levels; 
phospho-ATM (serine-1981) foci, which are especially 
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informative for the early recognition of DSBs; and γH2AX 
foci, which are also informative for the later stages of DSB 
repair. These molecular readouts were compared to the 
severity of clinical complications graded using standard 
scales and were considered in the context of three general 
“groups” of patient response: (I) radioresistant (grade 0 
and controls); (II) moderately radiosensitive/“reactors” 
(grades 1, 2, 3 and 4); and (III) hyper-radiosensitive, which 
includes fatalities (grade 5) and individuals with known 
genetic radiosensitivity syndromes. The main findings can 
be summarized as follows:
	 Cellular micronuclei levels at 24 h after a 2-Gy 

exposure could discriminate among patients 
in groups I, II, and III but not inter-individual 
differences in the grade of response within group II;

	 Residual (24 h) γH2AX foci performed similarly to 
micronuclei, albeit better;

	 The peak level of phospho-ATM foci (pATMmax) 
within the window of 10–60 min was the best 
single-parameter predictor and could discriminate 
among the four severity grades within group II;

	 The combination of residual (24 h) γH2AX and 
pATMmax provided an even better discrimination 
of patient radiosensitivity; it also allowed the 
clearest demarcation between the two sub-sets 
of hyper-radiosensitivity that comprise group III 
responses, namely ATM-like with defects in both 
DSB recognition and repair, and those related to 
severe DSB-repair defects such as seen in Ligase IV 
syndrome patients.

Importantly, these relationships were independent of 
tumor site and, as with the RgC ATM rs1801516 SNP 
study outlined above (19), were applicable to both acute and 
late complications. The latter scenario is not unanticipated 
given that ATM, by virtue of its apical role in the cell-
autonomous DDR, will impact on all complications to 
which cell death contributes, but ATM is also an active 
participant in ionizing radiation-induced inflammatory/
immune signaling, e.g., involving NF-κB (Figure 1), as well 
as in the TGF-β pathway that plays an important role in 
the development of late toxicities, notably fibrosis (5,6,21). 
The superiority of the combination approach integrating 
pATMmax and residual (24 h) γH2AX foci measurements 
for estimating individual patient risk of adverse effects (20)  
may well relate to its ability to inform for both DSB 
recognition and repair defects, either or both of which may 
contribute to the elevation of such risk in different patients.

The COPERNIC patient-derived fibroblast study (20)  
was motivated in part by a mechanistic study from 

members of that group which suggested that high levels of 
both ATM and phospho-ATM (serine-1981) are present 
in the cytoplasm of non-stressed fibroblasts, based on 
immunofluorescence data (22). These authors proposed 
an alternative model for the early steps of DDR activation 
following ionizing radiation exposure in which cytoplasmic 
ATM dimers undergo oxidation and monomerization 
associated with serine-1981 phosphorylation, and then 
rapidly translocate to the nucleus where they engage in DSB 
processing; these events were hypothesized to be a critical 
determinant of cellular radiosensitivity (22). The authors 
note that their hypothesis is contrary to the broadly-
accepted notion that the ATM protein is largely located 
and activated in the nucleus in response to DNA damage, 
as described above. Indeed, several earlier studies in various 
human cell types (including primary human fibroblasts) 
involving biochemical fractionation or fluorescently-
tagged proteins visualized by fluorescence microscopy 
suggested ATM to be located predominantly in the nucleus 
under non-stressed conditions [e.g., (23,24) and references 
therein], and this paradigm is widely held [e.g., (7,9)]. 
The reasons for this discrepancy remain to be identified, 
although it is not clear why such high levels of monomeric 
phospho-ATM should be present in the cytoplasm of non-
irradiated cells, as is suggested in Figure 4B of the recent 
paper from the COPERNIC investigators (20).

Interestingly, but contrary to the conversion of ATM 
dimers to active monomers seen in response to DNA 
damage/DSBs (10), the activation of ATM in response 
to ROS in primary human fibroblasts in the absence of 
DSBs (γH2AX foci) was reported to be accompanied by 
serine-1981 phosphorylation but not monomerization; 
rather, activation by ROS involved the direct oxidation 
of a critical cysteine residue (cysteine-2991) in ATM and 
the formation of a homodimer covalently cross-linked 
by intermolecular disulfide bonds (4). The sub-cellular 
compartmentalization of this mechanism was not studied. 
The relationship (if any) between these pathways of ATM 
activation remains to be established, but it is important 
to recognize that cells exposed to ionizing radiation will 
experience (and thus be responding to) DNA damage and 
ROS accumulation in various sub-cellular compartments 
concurrently (Figure 1).

In addition to its ability to predict the risk of XRT-
induced complications with high precision, the ideal assay 
for use in a hospital setting should be simple and fast. 
Advantages of the SNP approach include the use of only a 
DNA sample and the lack of requirement for cell irradiation 
or of specialized immunohistochemical or fluorescence 
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imaging methodologies, with their attendant variability. A 
weakness relates to bridging the clinical accuracy gap from a 
parameter that required a huge patient cohort for validation 
of a modest effect size into the reality of an individual 
patient test on which decisions about clinical management 
can be made with some certainty. In the latter context, 
the cell-based phospho-ATM/γH2AX predictor seems to 
have a reasonably good ability to discriminate grades of 
response even within a relatively small cohort, and it thus 
may prove advantageous for the true “personalization” of 
patient management decisions. This may reflect the notion 
that phenotypic readouts such as γH2AX and/or phospho-
ATM foci might be more informative by virtue of their 
integrating the activity of many critical steps in the DDR, 
any of which might be defective in a particular patient. A 
down-side is that this test does require sample culturing, 
in-vitro irradiation and monitoring over an extended 
period using relatively specialized techniques. In reality, a 
manageably-small panel of biomarkers, possibly including 
both cell- and DNA-based information, might prove the 
most suitable tool for clinical use, and the combination of 
both phenotypic (γH2AX/phospho-ATM) and genotypic 
(ATM rs1801516 SNP) parameters may prove more robust.

Finally, we should note that the COPERNIC study (20) 
was enriched for cases with higher grade toxicity, which 
might over-weight the importance of γH2AX/phospho-ATM 
as an assay approach. Conversely, the Andreassen SNP meta-
analysis (19) provides no direct mechanistic insight into the 
association with higher toxicity; the presumed functional 
change in ATM must be explored in future studies.

In summary, the last two decades have seen enormous 
advances in our understanding of the biology of the 
ATM protein kinase which not only mediates the nuclear 
response to DSBs but is also involved in maintaining cellular 
homeostasis in the face of other types of stress, such as 
elevated ROS levels. ATM activation is clearly a complex 
process both in space and time, and has been the subject of 
a recent review by Paull (9). The highly dynamic nature of 
these events is further highlighted by the observation that 
the DNA-damage induced activation of the NF-κB pathway 
noted earlier involves nuclear to cytoplasmic shuttling of 
ATM, with activated NF-κB going in the other direction (5) 
(Figure 1), and by the periodicity of such events in individual 
cells (12). However, there are clearly some contradictions 
in our understanding of the mechanisms of ATM nuclear 
and cytoplasmic activation and signaling that still need to be 
resolved. Regardless of the whether the delayed/attenuated 
formation of phospho-ATM foci seen in many radiosensitive 

patients (20) relates to the hypothesized “nucleoshuttling” 
mechanism of ATM activation, as opposed to being a 
primarily nuclear phenomenon, the findings of Granzotto 
et al. (20) represent a major advancement in the ability to 
utilize cellular-phenotypic readouts to estimate a patient’s 
risk of experiencing adverse normal tissue toxicities. Indeed, 
it is remarkable that two very different facets of a single 
molecule—albeit a very important one—ATM—can emerge 
from among the huge number of potential determinants of 
radiosensitivity and demonstrate a correlation with a high 
level of significance for both acute and late effects. What, if 
any, might be the relationship between the observed defects 
in DSB recognition as visualized by early phospho-ATM 
foci dynamics and the non-conservative rs1801516 SNP in 
exon 39 of the ATM gene, e.g., with respect to its importance 
for interactions of ATM with its binding partners, would be 
very interesting to evaluate, as would the SNP-type of these 
reactor patients in the COPERNIC study.
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