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Abstract

The ataxia-telangiectasia mutated (ATM) protein kinase is best known for its role in the DNA
damage response, but recent findings suggest that it also functions as a redox sensor that controls
the levels of reactive oxygen species in human cells. Here, we review the evidence supporting the
conclusion that ATM can be directly activated by oxidation, as well as various observations from
ATM-deficient patients and mouse models that point toward the importance of ATM in oxidative
stress responses. We also discuss the roles of this kinase in regulating mitochondrial function and
metabolic control through its action on tumor suppressor p53, AMP-activated protein kinase
(AMPK), mammalian target of rapamycin (mTOR) and hypoxia-inducible factor-1 (HIF-1), and
how the regulation of these enzymes may be affected in ATM-deficient patients and in cancer

cells.

The protein kinase ataxia-telangiectasia mutated (ATM)

Ataxia-telangiectasia (A-T) is a rare autosomal recessive disorder caused by deficiency of
the ataxia-telangiectasia mutated (ATM) protein kinase. Most A-T patients lack functional
ATM protein due to missense or nonsense mutations in the ATM gene, which result in
truncated or unstable ATM variants [1]. ATM has a key role in coordinating the cellular
response to DNA damage and, consequently, A-T patients are hypersensitive to the effects
of radiation and are predisposed to cancer development, primarily within the immune
system. A-T is characterized by cerebellar degeneration, progressive ataxia, primary
immunodeficiency and an increased incidence of lymphoid tumorigenesis and type Il
diabetes [2, 3]. The manifestation of A-T phenotypes within the immune system likely
results from defects in the processing of physiological DNA strand breaks associated with
immune cell development in the absence of ATM [4]. Although ATM activation has
primarily been viewed as a response to DNA damage, several recent studies have
demonstrated that ATM can be activated independently from DNA damage through redox-
dependent mechanisms and participates in a diverse set of signaling pathways involved in
metabolic regulation and cancer. In this review, we summarize recent findings that reveal
novel functions for the protein kinase ATM, and discuss the potential implications and
questions raised by these studies.
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ATM and the DNA damage response

ATM is a member of the phosphatidylinositol 3 kinase-like kinase (PIKK) family of Ser/
Thr-protein kinases, which includes ATR (ataxia-telangiectasia and Rad3-related), DNA-
PKcs (DNA-dependent protein kinase catalytic subunit) and mTOR (mammalian target of
rapamycin), among others [5]. Proteins in the PIKK family contain a conserved kinase
domain (KD), a FRAP-ATM-TRRAP (FAT) domain, and a FAT-C terminal (FATC)
domain near the C-terminus (Figure 1). ATM, ATR and DNA-PKcs associate with DNA
and coordinate the cellular responses to DNA damage by activating distinct DNA repair and
signaling pathways [6]. DNA damage elicits the interaction of specific sensor proteins with
ATM, ATR and DNA-PKcs, leading to the activation of these protein kinases and their
recruitment to the damaged sites [7]. ATR, through interactions with ATR-interacting
protein (ATRIP), is activated by single-stranded DNA regions that are associated with
stalled replication forks and are coated by replication protein A (RPA) [8]. Both DNA-PKcs
and ATM are activated by double-strand DNA breaks (DSBs), but they initiate different
DNA repair pathways. DNA-PKGcs is recruited to DSBs and is activated through interactions
with the Ku heterodimer (see Glossary), which binds to DNA ends [9]. The activated DNA-
PKcs then triggers the repair of DSBs through the nonhomologous end joining DNA repair
pathway. By contrast, ATM is recruited to DSBs and activated by DNA damage through
interactions with the MRE11-RAD50-NBS1 (MRN) complex, which is bound to DNA ends
at the site of the break [10]. The activated ATM is important for the initiation of DNA end
resection that is a prelude to DNA repair via the homologous recombination pathway [11].
The specific factors dictating the choice between the two DSB repair pathways — either Ku/
DNA-PKcs (nonhomologous end joining) or MRN/ATM (homologous recombination) —
are not well understood.

Considerable progress has been made in detailing the mechanism of ATM activation by
DSBs. ATM is a 350 kDa protein that exists as an inactive dimer and undergoes
autophosphorylation and monomerization following DSB induction [12]. Although the exact
role of ATM autophosphorylation remains unclear (Box 1), ATM monomerization,
activation, and recruitment to DSBs requires the interaction with the NBS1 protein within
the MRN complex [13-15]. Once bound at the DSB site, ATM initiates a signaling cascade
that regulates cell cycle checkpoints, DNA repair and chromatin structure [16, 17]. For
example, ATM regulates the G1/S cell cycle checkpoint through p53 phosphorylation at
Ser15 [18] and activates checkpoint kinase 2 (CHK2) through phosphorylation at Thr68
[19]. ATM activation can also trigger the induction of apoptosis or senescence through p53
phosphorylation [18, 20-23], and many other ATM targets affect checkpoint activation in
mammalian cells [16]. Furthermore, several hundred putative ATM substrates have been
identified in a global proteome analysis of ATM/ATR phosphorylation events following
ionizing radiation (IR) treatment [17]. Many ATM targets identified in this study have
known roles in the DNA damage response or cell cycle control, whereas other targets
operate in other pathways or do not have characterized functions. In addition, over 90% of
the phosphorylation and dephosphorylation events during DNA damage do not occur at
consensus ATM recognition sites, yet ~60% of the events are dependent on ATM kinase
activity [24]; this suggests that there is a complex cascade of phosphorylation events that is
ATM-dependent yet not directly catalyzed by ATM. The interplay between ATM and other
kinases downstream in the DNA damage response has been reviewed recently [25].

Box 1
ATM autophosphorylation

ATM autophosphorylation at Ser1981 is considered a hallmark of ATM activation [12],
although additional DSB-induced ATM autophosphorylation sites (Ser367, Ser1893 and
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Ser2996) are required for ATM signaling in human cells [87, 94]. ATM
autophosphorylation is rapidly induced following DNA damage, and mutation of the
autophosphorylation sites disrupts ATM signaling in human cells [87, 94]. However, the
functional significance of ATM autophosphorylation is unclear because in vitro studies
and mouse models of ATM variants have shown that ATM autophosphorylation is not
required for ATM activation by DNA damage or oxidation[14, 43, 95, 96]. ATM
autophosphorylation at Ser1981 is necessary only for the retention of ATM at DSB sites
but is not required for ATM recruitment to the DNA break site [97], suggesting that
ATM autophosphorylation is functionally significant downstream of the initial activation.

ATM and oxidative stress

Consistent with the well established role of ATM within the DNA damage response, cells
derived from A-T patients display defective cell cycle checkpoints, radiosensitivity, and
chromosomal instability [16, 26]. However, the global DSB repair capability of ATM-
deficient cells is only partially attenuated, most likely due to functional redundancy between
ATM and DNA-PKGcs in the repair of DSBs. In fact, only ~10% of DSBs, most of them
associated with regions of heterochromatin, require ATM for repair [27].

It has long been suggested that several key features of the A-T disorder, primarily the
cerebellar degeneration and ataxia, indicate the existence of ATM functions that are
independent from the checkpoint functions of the DNA damage response. Postmitotic
neurons of the cerebellum are less dependent on the DNA damage response-associated cell
cycle regulation mediated by ATM. Although ATM is considered primarily localized to the
nucleus, a minority fraction of the protein has been shown to be present in the cytoplasm of
various cell types. In the neurons of the cerebellum, ATM has been reported to be equally
distributed between the nucleus and the cytoplasm [28-32], further suggesting additional
roles for ATM outside of the nucleus.

Over the past two decades, evidence has accumulated linking ATM deficiency to increased
oxidative stress in cells, which is thought to play a key role in neurodegeneration, metabolic
dysregulation, and oncogenesis [33]. Early studies showed that ATM-deficient cells have a
reduced antioxidant response [29, 33, 34] and are sensitive to treatment with oxidizing
agents [35-37]. ATM-deficient mice display increased levels of reactive oxygen species
(ROS) and signs of oxidative stress within the central nervous system, particularly the
cerebellum, which is the primary site of degeneration in A-T [38, 39]. Hematopoietic stem
cell failure in an ATM-deficient mouse model was linked to the induction of the p16-Rb
stress pathway and was preventable by treatment with antioxidants [40]. Several studies
have demonstrated that treatment of ATM-deficient cells with antioxidants alleviates
proliferation defects and inhibits the activation of stress-associated signaling pathways that
are initiated by oxidative stress caused by ATM loss [40-42]; these results suggest that
increased ROS production contributes to the AT phenotype independently from defects in
DNA repair. In the next section, we discuss several studies that provide biochemical and
functional evidence of a direct role for ATM in the cellular response to oxidative stress.

ATM activation by oxidation

Recent studies have identified a novel mechanism of ATM activation through direct
oxidation [43, 44]. When ATM is activated by DSBs, the protein undergoes monomerization
and requires free DNA ends and MRN; by contrast, oxidized ATM is an active dimer in
which the two monomers are covalently linked by intermolecular disulfide bonds. In vitro
experiments demonstrated direct ATM activation in the presence of hydrogen peroxide
(H205) independently from both DNA and MRN [43]. A change of Ser1981 to alanine
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(which prevents ATM autophosphorylation) did not affect p53 phosphorylation by oxidized
ATM, which indicates that autophosphorylation is not required for ATM activation by
oxidation. Treatment of primary human fibroblasts with low H,O, concentrations resulted in
active ATM that phosphorylated p53 and CHK?2 without an accompanying increase in
phosphorylation of histone H2AX, a common marker of DSB induction. Furthermore, the
heterochromatin protein KAP1, which is phosphorylated by ATM following DSB induction,
remained unphosphorylated following H,O, treatment. These findings indicate that the
substrate specificity of ATM when activated by oxidation is probably different from that of
ATM when activated by DNA damage and oxidation. Residue Cys2991, located in the C-
terminal FATC domain, is critical for ATM activation by oxidation, as a C2991L variant is
unable to be activated by H,O, but can be activated normally by MRN and DNA [43].
Moreover, when expressed in lymphocytes derived from A-T patients, the C2991L variant is
unable to induce apoptosis in response to H,O, treatment, demonstrating a functional role
for oxidized ATM. A form of ATM with a truncated C-terminal region (R3047X), identified
in several AT patients, can also be fully activated by DNA and MRN, but not by oxidation
[43]. Although patients harboring the R3047X variant develop ataxia, their cells exhibit less
sensitivity to radiation when compared to the classic A-T phenotype [45, 46], and one
R3047X patient did not develop immunodeficiency [47]. Thus, a subset of clinical features
associated with A-T might be primarily due to defects in redox regulation by ATM, whereas
other features such as the immune defects might solely result from an impaired DNA
damage response.

A-T has a pleiotropic phenotype that affects multiple systems, and it is likely that many
clinical features arise or are exacerbated from the synergistic effects of a defective DNA
damage response and oxidative stress in the absence of ATM. Cerebellar atrophy is a
cardinal feature of both A-T and ataxia-telangiectasia-like disorder (ATLD), which is caused
by mutations in the gene encoding MRE11, suggesting that the defective DNA damage
response associated with ATM deficiency might be sufficient to induce the neurological
pathology associated with AT, but the compounded oxidative stress and DNA repair defects
in A-T patients would potentially increase the rate and severity of neurodegeneration.
Purkinje cells in the cerebellum experience high levels of metabolic demand and oxidative
stress [48], thus any loss of redox control may be particularly detrimental in this cell type.
Other DNA repair deficiencies, such as ataxia with oculomotor apraxia 1 (AOAL1) and
spinocerebellar ataxia with axonal neuropathy 1 (SCANL1), also cause cerebellar
degeneration [49], which suggests that DNA damage may ultimately be responsible for the
loss of cerebellar function. In the case of ATM, clearly further studies are needed to evaluate
the physiological role of ATM activation through oxidation and the systemic effects of its
absence with regards to the A-T phenotype, including the development of a knock-in mouse
model expressing C2991L or R3047X variants.

The discovery of ATM activation by oxidation raises important questions concerning the
degree of overlap between the group of ATM substrates that are phosphorylated following
DNA damage and those that are phosphorylated following oxidative stress. However,
separating ATM activity mediated through oxidation from that mediated by DNA damage is
difficult, as oxidative stress and ROS production usually induce DNA damage, and therefore
ATM is often exposed to both DNA damage and oxidation simultaneously. Although an
ATM variant has been identified that is defective in its ability to be activated by oxidation
while remaining competent in DNA repair [43], identification of an ATM variant with the
reverse features would be useful to confirm whether ATM is directly being activated by
oxidation and not by subsequent DNA damage in the cell. Interestingly, oxidative stress
disrupts DNA binding by MRN and therefore inhibits ATM activation by MRN and DNA
[44], suggesting that oxidation may be the only operational pathway of ATM activation
under conditions of high ROS concentrations. This finding points to a complicated interplay
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between oxidized ATM and DSB-activated ATM. Since IR treatment induces both ROS
production and DSBs, the roughly 700 ATM targets identified in the previously mentioned
global proteome analysis probably represent targets from both the DNA repair and oxidation
pathways. Although the identified targets are mostly comprised of proteins involved in DNA
replication, DNA repair and cell cycle control, multiple proteins involved in insulin
signaling were also identified [17]; suggesting that ATM functions in the regulation of
metabolic signaling pathways (Figure 2), possibly through activation by direct oxidation, as
discussed in the next section.

ATM and insulin signaling

A-T patients have an increased risk for developing type 2 diabetes and display growth
impairments associated with insulin resistance and glucose intolerance [50, 51]. Diabetic
complications are not considered a primary characteristic associated with A-T due to the late
onset and the fact that most A-T patients succumb to the disease early in life. However,
several studies have demonstrated a relationship between ATM and metabolic signaling
pathways. For example, the expression of insulin-like growth factor-1 receptor (IGF-IR) is
reduced in ATM-deficient cells, and the radiosensitivity of A-T cells following IR treatment
is affected by IGF-IR expression levels; both effects can be rescued by ATM cDNA
expression [52]. ATM also functions upstream of the AKT kinase in response to insulin
stimulation and IR treatment [53]. AKT is activated via the phosphoinositide 3-kinase
(PI3K) signaling pathway following insulin stimulation, and promotes cell proliferation and
survival. ATM is indirectly required for AKT phosphorylation at Ser473 and for
translocation of the cell surface glucose transporter 4 (GLUT4) in response to insulin
stimulation [54]. Inhibition of ATM activity was recently shown to inhibit cell proliferation
and induce apoptosis in cancer cell lines with overactive AKT [55].

Recent evidence indicates that the effects of ATM on insulin function and glucose
metabolism may be mediated through p53 phosphorylation [56]. Deletion of the p53-
encoding gene, or its mutation to generate p53 variants that lack the primary ATM
phosphorylation site, results in elevated ROS levels, glucose intolerance, insulin resistance,
reduced AKT phosphorylation and reduced expression of Sestrin proteins, which are
involved in the regulation of intracellular antioxidants [56, 57]. These effects were rescued
by the addition of dietary antioxidants, suggesting that ATM affects insulin function and
glucose metabolism by regulating intracellular ROS levels through p53 phosphorylation. As
oxidative stress is a known contributor to the onset of diabetes [58], elevated ROS levels in
the absence of ATM or p53 phosphorylation would likely disrupt insulin signaling pathways
and affect glucose homeostasis.

ATM has also been shown to phosphorylate the 4EBP1 protein, which binds and represses
the translation initiation factor elF-4E. Exposure of cells to insulin stimulates ATM-
mediated phosphorylation of 4EBP1 on Ser111 [59], which releases the binding of elF-4E
and promotes cell growth. Ser111 on 4EBP1 was also identified as an ATM target after IR
exposure [17]; thus, oxidative stress or DNA damage associated with the treatment also
induces 4E-BP1 phosphorylation.

The existence of cytoplasmic functions for ATM has previously been suggested, and several
recent studies have provided compelling evidence in support of a functional role for
cytoplasmic ATM in signaling pathways related to metabolism and metabolic stress. In
response to IR treatment, ATM activates nuclear factor kappa-B (NF-«B) signaling, which
promotes cell survival and has been linked to metabolic disorders such as type 2 diabetes
[60, 61]. Multiple post-translational modifications of the NF-kB essential modulator
(NEMO) are induced by ATM activation in the nucleus, followed by translocation of
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NEMO and ATM to the cytoplasm, activation of 1«B kinase (IKK) via TGFp activated
kinase (TAKZ1), and release of I-kBa from NF-kB [61]. Although most of these studies
characterized responses to DNA damage, NEMO maodification has also been observed under
conditions of oxidative stress [61].

ATM regulation of AMPK

A p53-independent signaling pathway has recently been identified that is initiated by ROS-
dependent activation of ATM in the cytoplasm and regulates protein synthesis and
autophagy [62]. Following treatment with H,O,, ATM-dependent phosphorylation of the
LKB1 tumor suppressor at Thr366 was shown to mediate activation of AMP-activated
protein kinase (AMPK), a key sensor and regulator of cellular energy homeostasis [62].
Activation of AMPK can also occur independently from LKB1 and was shown to be ATM-
dependent in response to treatment with 5-aminoimidazole-4-carboxamide-1-beta-4-
ribofuranoside (AICAR) [63] or insulin-like growth factor 1 (IGF-1) [64]. AMPK monitors
intracellular energy status in the form of alterations in AMP and ADP concentrations, and
redirects cellular metabolism from anabolic and energy-consuming processes (i.e. protein
synthesis and cell division) to catabolic and energy-producing pathways (i.e. autophagy,
glucose uptake and fatty acid oxidation) [65]. Activated AMPK represses mTORC1
signaling through phosphorylation of the tuberous sclerosis complex 2 (TSC2) tumor
suppressor [62, 66]. Rapamycin, a potent inhibitor of mMTORC1 activity, reduces ROS levels
in ATM-null lymphoblasts [62] and delays the onset of thymic lymphomas in ATM ™~ mice
[67], indicating that unregulated mTOR activity in the absence of ATM contributes to
oxidative stress and cancer predisposition that are associated with ATM deficiency. mTOR
functions in the cellular response to nutrient availability by regulating protein translation and
cellular growth in response to extracellular signals mediated by growth factors and insulin
[68]. Elevated mTOR activity in response to excess nutrients leads to oxidative stress
through the upregulation of mitochondrial oxygen consumption [69] and subsequent insulin
resistance [70]. The activation of growth factor signaling pathways in response to oncogene
activation also upregulates mTOR activity, promoting cell growth and proliferation leading
to cancer [71]. Therefore, negative regulation of mMTOR activity through ATM activation by
oxidative stress provides a possible sensory node capable of regulating metabolic stress and
mediating tumor suppression (Figure 3).

ATM has recently been identified as a functional target of metformin, a widely used drug in
the treatment of type 2 diabetes [72]. Metformin reduces insulin resistance and increases
glucose uptake in skeletal muscle, but the mechanism of its action is not fully understood.
Metformin treatment activates AMPK in an LKB1-dependent fashion, probably by
inhibiting complex 1 of the electron transport chain (ETC) [73]. A recent genome-wide
association study investigating human genome variants associated with the glycemic
response to metformin in patients with type 2 diabetes identified alleles at the ATM locus
that were associated with a positive response to metformin [72]. Moreover, ATM seems to
function upstream of metformin-induced AMPK activation, as treatment of rat hepatoma
cells with an ATM inhibitor reduced AMPK activation and phosphorylation following
metformin treatment [72]. In addition, metformin activates ATM in tumor cell lines and
induce phosphorylation of CHK2 [74], which is a target of ATM following oxidation [43].
Interestingly, immunofluorescence analysis of ATM autophosphorylation at Ser1981in these
tumor cell lines did not show distinct nuclear foci (which are often associated with DSB
induction), but instead showed a diffuse nuclear staining pattern [74]. ATM activation by
metformin could be mediated through oxidation, given the demonstrated inhibition of the
ETC by metformin [75]. The major source of intracellular ROS production is the ETC
within the mitochondria, where the incomplete reduction of molecular oxygen results in the
production of superoxide during normal metabolism. Hypoxia, nutrient excess and
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disruption of the ETC are all adverse stress conditions that increase ROS production within
the mitochondria. Therefore, the effects of metformin on ATM and AMPK activation could
be mediated, at least in part, through elevated ROS levels subsequent to inhibition of the
mitochondrial ETC.

ATM also regulates mitochondrial function in normal cells, as overall mitochondrial
respiratory activity is reduced in A-T cell lines and can be rescued by treatment with an
antioxidant or by expression of wild-type ATM [76]. A-T cells have lower activity of
cytochrome c oxidase than normal cells, which could explain their reduced respiratory
activity; interestingly, treatment of normal cells with an ATM inhibitor also results in
reduced cytochrome c oxidase activity [77].

ATM and the regulation of glutathione homeostasis

Reduced glutathione is the major antioxidant in mammalian cells and is converted from a
reduced form (GSH) to an oxidized form (GSSG) upon reaction with ROS or oxidized
thiols. Regeneration of reduced glutathione is catalyzed by glutathione reductase, which
requires the cofactor NADPH. ATM promotes overall antioxidant capacity in Xenopus egg
extracts and in human cells by stimulating glucose-6-phosphate dehydrogenase activity in
the pentose phosphate pathway, leading to increased NADPH production and nucleotide
synthesis [78]. Reduced levels of NADPH may be relevant to the A-T clinical phenotype
because A-T cells exhibit lower rates of GSH synthesis [34]. In addition, depletion of GSH
or inhibition of the pentose phosphate pathway sensitizes neurons to oxidative stress and
induces apoptosis [79].

ATM activation during hypoxia

Transient periods of low oxygen (hypoxia) are common in solid tumors and are often
followed by cycles of reoxygenation. ATM is activated under hypoxic conditions in an
MRN-independent manner and in the absence of DNA damage, and this phosphorylated
ATM is found in a diffuse pattern in the nucleus [80]. The mechanism of ATM activation is
not clear: although acute hypoxia induces release of ROS from the mitochondria [81], this
was found not to be essential for ATM activation under these conditions [80]. In addition,
ATM is a direct regulator of the transcription factor complex HIF-1, a heterodimer of
HIF-1a and HIF-1p subunits that regulates metabolism, mitochondrial function, and
angiogenesis under hypoxic conditions [82, 83]. One of the target genes for HIF-1 is
REDD1, the product of which binds to 14-3-3 proteins and dissociates these proteins from
TSC2; this allows TSC2 to inhibit mMTORCL [84]. ATM phosphorylation of HIF-10. on
Ser696 stabilizes the protein under hypoxic conditions, promoting mTORC1 inhibition and
growth suppression [82]. Thus, ATM modulates TSC2 activity and, therefore, mTOR
activity in at least two distinct ways: through AMPK and through 14-3-3/REDD1 (via
HIF-10).

ROS and DNA damage

Nearly all cancer cells show some form of aneuploidy, a hallmark of genomic instability.
Interestingly, aneuploidy increases ROS levels in a mouse model with a defective spindle
assembly checkpoint [85]. Although the reasons for this are not very clear, the increase in
ROS levels induces p53 expression in an ATM-dependent manner and causes oxidative
nucleotide damage in DNA that can be blocked by antioxidant treatment. The loss of either
p53 or ATM dramatically accelerates the onset of tumor development in these mice [85]. In
addition, oxidative DNA lesions and chromosomal abnormalities in ATM-deficient mouse
embryonic stem cells can be suppressed by antioxidant treatment, and the histone H2AX has
a role in repair of these lesions [86]. These and other observations emphasize the importance
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of ATM as a tumor suppressor, both through its roles in the DNA damage response as well
as its newly-discovered effects on redox homeostasis.

Concluding remarks and future directions

Considerable progress has been made in understanding the roles of ATM in the cell;
however, several questions remain unanswered (Box 2). Taken together, recent data indicate
that ATM is important not only for DNA damage responses but also for maintenance of
cellular redox homeostasis. Of relevance to our understanding of the A-T disorder, these
findings suggest that ATM loss leads to an overall increase in ROS levels, which likely
results in the loss of neurones and other oxidation-sensitive cell populations (either directly,
or indirectly through an increase in DNA damage). The ability of antioxidant treatment to
delay and reduce tumor growth that is associated with the absence of ATM in mice suggests
that the tumor suppressor function of ATM is at least in part due to its effects on oxidative
stress.

Box 2
Outstanding questions

e What degree of overlap exists between the set of proteins targeted by ATM
when activated by DNA damage and the set of proteins targeted by ATM when
activated by oxidation?

e What is the overall contribution of ATM signaling through p53 in metabolic
regulation and intracellular redox balance?

e What are the respective contributions to neurodegeneration and cancer
predisposition of the defective DNA damage response and the oxidative stress
that are associated with ATM deficiency?

e Can the therapeutic targeting of ATM activation provide beneficial effects in
metabolic disorders, neurodegenerative disorders and cancer prevention?

In addition, there may be an ATM-dependent branch of cellular redox homeostasis that
remains to be characterized. The p53 protein has an important role in this regulation, but
there are also effects through the LKB1-AMPK-mTOR pathway, the pentose phosphate
pathway, and perhaps directly through mitochondrial enzymes (Figure 2). A better
understanding of the molecular mechanisms underlying these observations and their
relationship to the overall effects of ATM on metabolism and insulin signaling is necessary.
The large number of ATM targets that have already been identified, some of which have no
known function in either DNA damage or stress responses, highlights the broad scope of
ATM signaling throughout the cell and demonstrates the need for further studies to directly
test the function of ATM modification of these targets. Furthermore, there may be other
unknown targets of ATM that are specific to the oxidation response; if so, then identification
and characterization of these targets will be crucial to our understanding of the redox control
mechanisms that are regulated by ATM.

The C2991L and R3047X ATM variants are useful reagents to dissect the role of ATM in
DNA damage from its role in response to oxidation. In addition, it would be very useful to
generate a mutant ATM allele that specifically ablates the DNA damage response but leaves
the oxidation pathway intact. In theory, a double mutant lacking both pathways of ATM
activation should be functionally equivalent to a kinase-deficient ATM allele if there are only
two distinct mechanisms of activating ATM. The ubiquitous effects of oxidative stress on
cancer, aging, diabetes, and a range of neurological disorders suggests that ATM may play
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roles in many areas of human health that were not previously recognized. The generation of
specific reagents to characterize ATM function would aid in understanding the role of this
important protein kinase in these disorders and in determining if ATM may be a useful
target for clinical intervention.

Glossary

Autophagy a catabolic process in which the lysosomal machinery recycles
intracellular components

Homologous a pathway of DNA double-strand break repair that uses the genetic

recombination information from a sister chromatid or a homolog in order to
retain the genetic information at the break site. It primarily occurs
during the S and G, phases of the cell cycle and requires DNA end
processing

Ku heterodimer a protein complex that binds to DNA ends at the site of double-
strand breaks and is required for the non-homologous end joining
DNA repair pathway

MRE11-RAD50- a protein complex that functions in the detection and repair of

NBS1 (MRN) DNA double-strand breaks and signaling through the ATM protein

complex kinase. It promotes resection of the 5’ strand at DNA breaks and
recruits and activates ATM at these sites

MTOR complex 1 a protein complex composed of mammalian target of rapamycin

(mTORC1) (mTOR) and other four proteins. mTORCL1 regulates protein
synthesis, cell growth and cell division

Non-homologous a pathway of DNA double-strand break repair that utilizes the

end joining (NHEJ) direct ligation of broken ends at the break site, with minimal end
processing
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Figure 1.

The ATM protein kinase. The C-terminal P13 kinase-like kinase domain (KD), spanning aa
~2712 t0 2962, is flanked by the domains FAT (FRAP, ATM and TRRAP; ~ aa 1960 to
2566) and FATC (FRAP, ATM and TRRAP C-terminal; ~ aa 2963 to 3056). The N-terminal
region of the FATC domain has also been termed the “PIKK-regulatory domain” [5]. The
location of autophosphorylation sites in ATM (S367, S1893, S1981 and S2996) [12, 24, 87]
is shown. The N-terminus of ATM is composed of HEAT (Huntingtin, elongation factor 1A,
protein phosphatase 2A A-subunit, TOR) repeats [88].
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Figure 2.

ATM interaction with metabolic signaling pathways. ATM is required for NF-«kB activation
following exposure to ionizing radiation (IR) and reactive oxygen species (ROS) via a
mechanism that requires the export of ATM from the nucleus to the cytoplasm [61]. ATM-
deficient cells exhibit reduced levels of insulin-like growth factor-I receptor (IGF-IR), a
defect that is rescued by expression of ATM cDNA [52, 89]. However, the mechanisms
linking ATM to IGF-IR expression are unknown. ATM is required for full activation of
AKT in response to insulin and IR treatment [53-55, 90, 91], which induces AKT
phosphorylation at Ser473 and translocation of glucose transporter 4 (GLUT4) through
unknown mechanisms. Inhibition of this pathway induces apoptosis in cancer cells with high
AKT activity [55]. Increased activity of glucose-6-phosphate dehydrogenase (G6PD) is
observed in the presence of ATM, which promotes NADPH formation and reduction of
glutathione [78]. In response to IR treatment and elevated ROS levels, ATM phosphorylates
p53 at Serl5 [22]. ROS-induced p53 phosphorylation either induces apoptosis or reduces
ROS levels through upregulation of sestrin proteins (which regenerate peroxiredoxins [56,
57]), glutathione peroxidase 1 (GPX1) and manganese superoxide dismutase (MnSOD) [92].
Mutation of Ser15 in p53 to Alal5 results in elevated ROS levels, leading to insulin
resistance and impaired glucose metabolism [56]. Signaling pathways initiated by IR,
insulin, and ROS are indicated by black, blue, and red arrows, respectively.
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Figure 3.

ATM regulates mTORC1 activity through AMPK in response to elevated ROS levels.
Elevated ROS levels activate ATM, which in turn phosphorylates and activates LKB1 at
Thr366, which then phosphorylates and activates AMPK at Thr172 [62]. AMPK is also
activated by IGF-1 [64] and the AMPK activator AICAR [63] in an ATM-dependent and
LKB1-independent manner. AMPK phosphorylates TSC2 at multiple sites, which results in
TCS2 activation, and then active TCS2 inhibits mTORCL activity [66]. In addition, ATM
directly phosphorylates HIF-1a (one of the subunits of HIF-1), which also promotes TSC2
activity and therefore blocks mTORCL1 [82]. Moreover, mTORC1 promotes the expression
of HIF-1 [82] and, as part of the larger mTOR complex, regulates cellular growth and
protein synthesis. Inhibition of mMTORC1 activity by TSC2 induces autophagy, a catabolic
process that functions as a cellular salvaging pathway during periods of reduced energy
supplies within the cell. Autophagy also functions as a tumor suppression pathway by
inhibiting cellular growth. Unregulated mTORC1 activity might lead to cancer by promoting
excessive cellular growth and cell division. In addition, high levels of mMTORC1 activity
result in increased ROS production in mitochondria by increasing oxidative metabolism
through expression of the mitochondrial transcriptional regulator PGC-1a and other
mechanisms [82, 93]. Therefore, ATM activation by the excess ROS generated by high
mTORC1 activity may function as a feedback mechanism to regulate mTORC1 activity.
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