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he Ataxia-Telangiectasia mutated

(ATM) kinase is regarded as the
major regulator of the cellular response
to DNA double strand breaks (DSBs).
In response to DSBs, ATM dimers dis-
sociate into active monomers in a process
promoted by the Mrell-Rad50-Nbsl
(MRN) complex. ATM can also be acti-
vated by oxidative stress directly in the
form of exposure to H,O,. The active
ATM in this case is a disulfide-cross-
linked dimer containing two or more
disulfide bonds. Mutation of a critical
cysteine residue in the FATC domain
involved in disulfide bond formation
specifically blocks ATM activation by
oxidative stress. Here we show that
ATM activation by DSBs is inhibited
in the presence of H,O, because oxida-
tion blocks the ability of MRN to bind
to DNA. However, ATM activation via
direct oxidation by H,O, complements
the loss of MRN/DSB-dependent activa-
tion and contributes significantly to the
overall level of ATM activity in the pres-
ence of both DSBs and oxidative stress.

Ataxia-Telangiectasia

Ataxia-Telangiectasia (A-T) is a rare auto-
somal recessive disorder (I in 40,000 to
100,000 live births worldwide).! The most
striking clinical manifestation of A-T is
neurodegeneration, which is character-
ized by progressive difficulty with motor
coordination beginning in early child-
hood (progressive cerebellar ataxia). A-T
patients also have small clusters of enlarged
ocular blood vessels (oculocutaneous tel-
angiectasia), a weakened immune system
and increased risk of developing cancer,
particularly lymphomas and leukemias.*?
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The ATM kinase was identified as
the product of the gene that is mutated
in A-T.* Over 400 ATM mutations have
been identified in A-T patients, most of
which are truncating mutations which
generate shorter and unstable forms of the
ATM protein. Cells from A-T patients are
hypersensitive to ionizing radiation (IR)
and deficient in DNA damage-induced
checkpoint activation at the G,/S, intra-S
and G,/M phases of the cell cycle.?

ATM is a member of the phospho-
inositide 3-kinase-related protein kinase
(PIKK) family, which also includes ATM
and Rad3-related-protein kinase (ATR),
the catalytic subunit of DNA-dependent
protein kinase (DNA-PKcs), and mamma-
lian target of rapamycin (mTOR).> ATM
regulates the DNA damage response by
phosphorylating its downstream targets at
specific S/T(Q) sites in response to DSBs.
ATM also responds to physiological DNA
breaks during the development and differ-
entiation of lymphocytes. Chromosomal
abnormalities and accumulation of unre-
paired ends during V(D)] recombina-
tion and class switch recombination were
observed in B cells from A-T patients and
ATM-deficient mice, indicating that ATM
deficiency impairs site-specific recombina-
tion in cells of the immune system.®” The
increased frequency of defective repair
during these processes may explain the
high incidence of lymphoid cancer among
A-T patients.?

ATM safeguards genome integrity in
mammalian cells by regulating the acti-
vation of cell cycle checkpoints. p53 was
the first substrate of ATM to be identi-
fied,”"® and ATM-mediated phosphoryla-
tion of p53 on Serl5 is important for the
G,/S cell cycle checkpoint. ATM also
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phosphorylates and activates checkpoint
kinase 2 (Chk2),”* which in turn phos-
phorylates several substrates including
p53, BRCA1, CDC25A and CDC25C.1*
ATM can also regulate the intra-S check-
point by phosphorylating the SMC1 com-
ponent of cohesin, and inhibition of this
phosphorylation abrogates the S-phase
checkpoint.® A recent combined pro-
teomic and functional checkpoint screen
showed that nine proteins of the ubiquitin-
proteasome system (UPS) were also phos-
phorylated by ATM and that they are also
required for mammalian DNA damage
checkpoint control, particularly the G,/S
cell cycle checkpoint.'® A global analysis of
protein phosphorylation induced by DSBs
showed that over 700 proteins are targeted
by ATM following DNA damage, includ-
ing many proteins involved in DNA repair
and cell cycle regulation, but also many
with no obvious link to the DNA damage
response.”

The primary role of ATM in the DNA
damage response is checkpoint signaling,
and for many years ATM was thought to
have no role in repair because A-T cells
show nearly wild-type levels of DNA
repair under normal conditions.® But
ATM has been shown to contribute to the
repair of DSBs after IR. In the absence of
ATM, approximately 10% of DSBs are
left unrepaired in A-T cells after IR expo-
sure.” One explanation for this observa-
tion is that a subset of DSBs localized to
heterochromatin require ATM to facilitate
entry of the DNA-repair machinery by
phosphorylating the transcriptional core-
pressor Kruppel-associated box (KRAB)-
associated protein-1 (KAP1). In addition,
the high level of unresolved DNA breaks
created during V(D)] and class switch
recombination in A-T cells suggest that
there is also an important role for ATM
in non-homologous end joining (NHE]),
but the underlying mechanisms are not
understood. DNA breaks that form in
A-T cells by any pathway are much more
likely to persist through multiple cell
cycles compared to wild-type cells since
ATM is responsible for directing cells into
senescence or apoptosis in response to
DSBs.20%

The neurodegenerative phenotype
in A‘T patients has been attributed to
the genomic instability caused by ATM
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deficiency. However, in post-mitotic neu-
rons, ATM is not required to stop cell
cycle progression in response to DNA
damage. In the absence of cell cycle pro-
gression, ATM deficiency should have
a limited impact on genomic stability
because A-T cells show nearly normal lev-
els of DNA repair. Thus, the loss of dif-
ferentiated non-dividing neuronal cells
in A-T patients cannot be explained by
genomic instability alone.

ATM Deficiency
and Oxidative Stress

The primary site of cellular degenera-
tion in A-T patients is the cerebellum.’
Considering the high level of metabolism
in neuronal cells and high oxygen con-
centration in brain tissue, it is possible
that oxidative stress could significantly
contribute to the degenerative process.
Abnormal control of reactive oxygen spe-
cies (ROS) has been reported in A-T based
on the observations showing that the lev-
els and function of antioxidant systems
are lower in A-T cells compared to normal
cells.?? Clinical research has shown that
A-T patients have significantly reduced
levels of total plasma antioxidants to about
77% of normal capacity.”® A-T cells have
reduced levels of the important antioxi-
dants vitamin A and E, impaired GSH
biosynthesis and reduced levels of NADH
and NADPH.?>?2 AT fibroblasts are
also more sensitive to oxidative stress than
healthy fibroblasts,”* and increased levels
of ROS generated in ATM-deficient brain
tissue under physiological conditions are
correlated with increased levels of protein
and lipid damage.*® Progressive deteriora-
tion of redox balance was also observed in
stem cell populations from ATM-deficient
mice.”” These mice showed progressive
bone marrow failure resulting from a defect
in the function of haematopoietic stem cells
(HSC) that was associated with elevated
reactive oxygen species. Treatment with
anti-oxidative agents restored the recon-
stitutive capacity of HSC and prevented
bone marrow failure.?” Observations from
several laboratories have shown that oxida-
tive stress in ATM-deficient cells can be
alleviated by the antioxidants catalase and
N-acetyl cysteine (NAC) which neutralize
ROS production.?*
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Why does the loss of ATM, a regula-
tor of the cellular DSBs response, lead to
oxidative stress? Our recent work shows
that ATM acts as a redox sensor in addi-
tion to its role as a sensor of DSBs.?” We
hypothesize that the changes in redox bal-
ance observed in cells from A-T patients
are a result of an inability to sense ROS
and may be responsible for the neurode-
generation and other unexplained pheno-
types observed in A-T patients.

Results

Direct Activation of ATM by oxidation.
There are many observations in the litera-
ture that link ATM with oxidative stress
but it has not been clear if the association
is indirect through the formation of DNA
damage.?>*® To test our hypothesis that
ATM can be activated by ROS directly, we
treated primary human fibroblasts with
the stable oxidant H O, in comparison
to treatment with bleomycin, a genotoxic
agent that induces DSBs. The hallmark of
ATM activation, ATM autophosphoryla-
tion,”" occurred in response to H O, as
well as to bleomycin treatment.” p53 and
Chk2 phosphorylation by ATM were also
observed, but histone H2AX phosphory-
lation, a marker for DNA DSBs, occurred
only with bleomycin treatment. Thus,
ATM activation induced by H,O, can
occur in the apparent absence of DSBs.
Similar to histone H2AX, the hetero-
chromatin protein Kapl was phosphory-
lated after bleomycin exposure but not
after H O, treatment. ATM-dependent
p53 phosphorylation was also observed in
ATLD cells which are deficient in DSB-
induced ATM signaling.> These results
suggested that ATM can be activated
directly by oxidative stress independent
of DSBs and the activation mechanism
is distinct from MRN/DSB-dependent
activation.

In mammalian cells, ATM is inidally
an inactive, noncovalently-associated
dimer®! but converts to an active mono-
mer upon DNA damage in the presence
of the Mrell/Rad50/Nbsl (MRN) com-
plex. Our laboratory has previously recon-
stituted DNA-dependent ATM activation
in vitro with purified recombinant pro-
teins, demonstrating that inactive ATM
can be strongly activated by the addition
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Figure 1. The FATC domain of ATM is critical for its activation. (A) A diagram of ATM domains including the FAT, PI3K kinase and FATC domains, C2991
and deletion point in the R3047X mutant allele. (B) Kinase assays were performed as described in reference 29, except with ATM wild-type or N2963X
mutant proteins. Phosphorylation of a GST-p53 substrate was assessed by western blotting with an antibody specific for phospho-p53 serine 15
(Calbiochem, PC461). (C) An alignment of the ATM FATC domain from various species. Cysteine 2991 is marked with an asterisk. (D) The phylogram of
ATM sequence alignment generated by ClustalW2. The PHYLIP method was used by ClustalW2 to generate the branching diagram. ClustalW2 phylo-
genetic calculations are based on the neighbor-joining method.® Branch lengths are proportional to the amount of inferred evolutionary change.

of both MRN complex and linear DNA
334 In our experiments investigat-
ing the effects of oxidation on ATM, we
found that the addition of H,O, to puri-
fied dimeric ATM in vitro stimulates its
activity on a p53 substrate even in the
absence of MRN and DNA.* The magni-
tude of this stimulation was similar to that
observed with MRN and DNA; however,
ATM activation by H O, could be com-
pletely inhibited by the reducing reagent
NAC, while the stimulation by MRN and
DNA was unaffected. Unlike the MRN/
DNA stimulation that induces ATM
monomerization, ATM treated with H,O,
formed covalent dimers that were sensitive
to reducing reagents, showing that inter-
molecular disulfide bonds form between
ATM monomers and suggesting that these
are important for the activation of ATM
by oxidative stress.”

Since ATM responds to DSBs and oxi-

dative stress with distinct activation mech-

ends.

anisms, we reasoned that we might be able
to identify a mutation that specifically

www.landesbioscience.com

blocks the oxidation pathway. Mutation
of cysteine residue 2991, the only cysteine
in the FRAP/ATM/TRRAP C-terminal
(FATC) domain (Fig. 1A), resulted in
an ATM mutant that could be fully acti-
vated by MRN and DNA, but could not
be activated by H,O, in vitro.” Expression
of this allele (C2991L) in human lympho-
cytes lacking wild-type ATM completely
blocked the apoptosis response to ROS
while remaining competent for apoptosis
in response to DNA damage, confirm-
ing that this allele specifically blocks
oxidation-induced ATM activation
human cells as well.

in

An oxidation-specific mutation causes
A-T. Similar to the C2991L ATM pro-
tein, a mutant lacking the last ten amino
acids of the ATM C-terminus results
in a mutant protein (R3047X, Fig. 1A)
that can be fully activated by MRN and
DNA but cannot be activated by oxida-
tion in vitro.”’ Interestingly, R3047X has
been identified as a causative mutation in
several A-T patients.”®?” These patients
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exhibit ataxia, but in some cases were clas-
sified as A-T “variants” because they did
not exhibit immunodeficiency and cells
from these patients only showed moderate
radiosensitivity, perhaps indicating a nor-
mal response to DSBs. Consistent with
this hypothesis, we found that cells from
an A-T patient expressing the R3047X
allele were also specifically deficient in
oxidative activation of ATM but showed
normal ATM activation in response to
DNA damage.” These results suggest that
the clinical manifestations of A-T, includ-
ing neurodegeneration and ataxia, may
be primarily due to the loss of oxidation-
dependent ATM signaling.

The FATC domain of ATM. The
FATC domains comprise the C-terminal
regions of PIKKs. In some studies, FATC
domains referred to the C-terminal,
highly conserved domains of approxi-
mately 20-30 amino acids, and the
regions between these FATC domains
and the kinase domains were called the
regulatory domains. Here we consider the
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Figure 2. ATM-dependent DNA damage responses in the presence of oxidative stress. (A) Oxidative activation of ATM complements the loss of MRN/
DSBs-dependent activation. Kinase assays with ATM wild-type or C2991L were performed as described in reference 29, in the presence of various
amounts of H,0, (0.27,0.81 and 2.4 mM). (B) H,0, does not affect MRN binding to ATM. Biotinylated MRN was incubated with ATM in the presence or
absence of H,0, (0.5 mM). MRN was isolated with streptavidin beads and analyzed by western blotting for Mre11 and ATM as indicated. (C) H,0, inhib-
its MRN binding to linear DNA in a gel shift assay. Purified MRN was incubated with various amounts of H,0, (34.4, 68.8, 137.5, 275 uM) before binding
to a Cy5-labeled 41 bp dsDNA substrate (37°C, 10 minutes). The binding reaction was resolved on an agarose gel (0.7%, 0.5x TBE) and visualized for Cy5

entire C terminus adjacent to the kinase
domains as FATC domains because they
were proposed to be critical for kinase
activity of PIKKs.** A recent crystal
structure of DNA-PKcs showed that the
a-helical FATC domain protrudes from
the kinase domain and interacts with
the FAT domain, consistent with previ-
ous studies with low resolution electron
microscopy.®42  Acetylation of lysine
3016 in the FATC domain of ATM by
histone acetyltransferase Tip60 also has
been shown to activate the kinase activ-
ity of ATM in response to DNA dam-
age.” To test the role of the FATC domain
of ATM, we expressed and purified an
ATM mutant that lacks the entire FATC
domain (N2963X). In vitro kinase assays
comparing the N2963X mutant with
wild-type ATM showed that neither DSBs
nor H,0, can activate ATM lacking the
entire FATC domain (Fig. 1B).

Our recent work identified cyste-
ine 2991 in the FATC domain as a cru-
cial residue for the activation of ATM
via oxidation.?? This
served in terrestrial vertebrates but not

residue is con-
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in marine animals, and is not present in
lower eukaryotes (Fig. 2C and D). The
land invasion by vertebrates during late
Paleozoic time period coincides with the
spike of atmospheric oxygen to nearly 35
percent, perhaps suggesting that gain-
ing the function of oxidative stress sensing
by ATM might contribute to the survival
of terrestrial vertebrates in a high oxygen
environment.

The protein kinase mTOR, a mem-
ber of the PIKK family that regulates cell
growth and proliferation in response to
cellular nutrition and energy level, was
also shown to be oxidized at two con-
served cysteines within the C-terminal
FATC domain.® An intramolecular
disulfide bond between these cysteines
was demonstrated in vitro, and mutation
of these cysteines altered the stability of
mTOR in budding yeast. These results
suggest that cellular redox potential could
affect the amount of the mTOR protein
by influencing its degradation, and is con-
sistent with the FATC domain playing an
important role in regulation of the PIKK
family.
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Interestingly, the ATM FATC domain
was proposed to contain a peroxisome
localization signal, and ATM has been
observed in the cytoplasm co-localiz-
ing with peroxisomes.”® Significantly
decreased catalase activity and increased
lipid peroxidation in several A-T cell lines
suggests that ATM might affect peroxi-
some functions. Previous reports have
also suggested the existence of extra-
nuclear ATM? but this has been a con-
troversial topic and is not fully resolved.
More recent evidence suggests that ATM
is predominantly cytoplasmic in neuronal
cells, for example, slices of cerebella from
mice confirmed the existence of cytoplas-
mic ATM,”* and ATM was shown to
translocate from the nucleus to the cyto-
plasm in neuronal cells upon differentia-
tion.” Additionally, after the induction of
DSBs, a subset of ATM is exported to the
cytoplasm in a manner depending on the
NFkB essential modulator (NEMQ) 505!

ATM oxidative activation after ion-
izing radiation. lonizing radiation (IR)
induces DSBs by direct deposition of
energy to the sugar-phosphate backbone.
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IR can also ionize H,O and generate
ROS, which accumulate to induce oxi-
dative stress when rapidly produced.”
Many groups use IR to induce DSBs, but
the effects of the radiation on oxidation
of cellular compounds are rarely investi-
gated. Oxidative stress and DNA damage
are generally experienced simultaneously
in cell populations, considering that high
levels of ROS also cause DSBs as well as
a variety of base and backbone modifica-
tions.>* DNA damage responses that occur
under oxidative stress conditions may be
very different from responses under nor-
mal conditions, however, because oxida-
tive stress has been shown to reduce the
activity of many proteins. The Ku het
erodimer, for instance, was shown to be
functionally inactivated after oxidation.>®

To determine the effect of oxidative
stress on MRN/DNA-dependent ATM
activation, we performed ATM kinase
assays with MRN and DNA in the pres-
ence of varying amounts of H O,. In the
reactions with wild-type ATM, H,O, had
no obvious effect on overall ATM activity
(Fig. 2A). However, in the reactions with
the C2991L ATM mutant, ATM activa-
tion was completely inhibited by H,O,.
Because C2991L ATM is deficient in oxi-
dative activation and can only be activated
by MRN and DNA, the loss of ATM
activation is due to the loss of MRN/
DSB-dependent ATM activation under
oxidative conditions. In the case of wild-
type ATM, although H,O, can inhibit
MRN/DNA-dependent ATM activation,
italso is capable of being activated through
oxidation, which complements the loss of
MRN/DNA-dependent activation.

The MRN complex acts as a sensor
for DSBs, and is essential for the activa-
tion of ATM by DSBs. Shortly after DSBs
occur, ATM is recruited to DSB sites.?>
The MRN complex binds to ATM,
recruits ATM to broken DNA ends, and
is essential for ATM activation in vivo
and in vitro.**> A direct pull-down assay
was used to determine if the interaction
between ATM and MRN is affected by
oxidation. This experiment showed that
immobilized MRN complex can bind
ATM efficiently even in the presence of
H,O, (Fig. 2B), indicating that oxida-
tive stress does not affect the interaction

between MRN and ATM.
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To determine if the ability of MRN to
recognize DSBs is altered by oxidation, we
performed a gel mobility shift assay with
purified MRN complex in the presence of
H,O, (Fig. 2C). This result shows that,
under oxidative conditions, MRN does
not bind efficiently to DNA.

Based on these results, we propose that
oxidative activation of ATM contributes
significantly to overall ATM activity in
the presence of both DNA damage and
oxidative stress, and its role increases with
ROS

radiation, the oxidative activation may

concentration. During ionizing
dominate at very early time points because
direct oxidation is instantaneous and does
not require other factors to facilitate acti-
vation. After a brief exposure to radia-
tion, the reducing environment inside
cells could reverse the oxidative activa-
tion of ATM after the elimination of the
short-lived ROS by cellular antioxidants.
Subsequently, the MRN/DSB-dependent
activation pathway is likely to generate
longer-lasting ATM activation by contin-
ual recruitment of DNA damage response
proteins to persistent DSB foci. Evidence
of such phenomenon may have been
shown in previous research; for instance,
pan-nuclear ATM autophosphorylation
was observed immediately after IR.?' This
might be the result of very early ATM
activation by oxidative stress induced by
IR. At later time points, activated ATM
was only observed in DSB foci, indicating
primarily MRN/DNA-dependent ATM

activation.
Discussion

ATM is thought to safeguard genomic
integrity by sensing the generation of
DSBs. Our studies with ATM oxidation
showed that this enzyme is also an impor-
tant sensor of ROS.? In the absence of
ATM, mammalian cells exhibit signifi-
cantly higher levels of ROS,* suggesting
that there may be ATM targets that regu-
late antioxidant systems. The highly toxic
ROS generated in the absence of ATM
can damage proteins, lipids and DNA,
ultimately leading to cell death in some
tissues (Fig. 3).

The discovery of the ATM oxida-
tive activation pathway has implications

beyond the A-T disorder. Redox balance
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plays an important role in regulating cell
cycle progression, proliferation and sur-
vival. ATM functions as a redox sensor
to regulate cell cycle checkpoints, apop-
tosis and very likely the cellular antioxi-
dant systems. Indeed, ATM was recently
shown to regulate mTORCI signaling
through LKB1/TSC2* and HIF-lo”
in response to changes in cellular redox
state. Oxidative activation of ATM is
also known to be critical for the survival
of neuronal cells and hematopoietic stem
cell populations that are hypersensitive
to ROS.” Tumorigenesis also involves
the generation of ROS, and the abil-
ity of antioxidants to block formation
of T cell lymphomas in ATM-deficient
mice suggests that excess ROS contrib-
utes to tumorigenesis in the absence of
ATM.® Aneuploidy, a hallmark of can-
cer cells, was recently shown to induce
ROS and the loss of ATM was shown to
drastically accelerate aneuploidy-induced
tumorigenesis.” This makes the ATM
oxidative activation pathway a potential
therapeutic target for cancer as well as
oxidative stress-related neurodegeneration
diseases.

Materials and Methods

Protein purification and ATM kinase
assays were performed as described in ref-
erence 29. Biotinylated MRN was puri-
fied as described previously in reference
60 and incubated with ATM (100 nM
MRN, 7.1 nM ATM) in the presence
or absence of H O, (0.5 mM) in a buf
fer containing 25 mM Tris-HCI pH 8.0,
100 mM NaCl, 10% glycerol and 1 mM
DTT for 10 min at 30°C before isolating
MRN with streptavidin-coated magnetic
beads (Invitrogen). Proteins bound to
the beads were separated by SDS-PAGE
and analyzed by western blotting for
Mrell (Genetex, GTX70212) and ATM
(Genetex, GTX70103). Gel shift assays
were performed as previously described in
reference 61, with purified human MRN
and a dsDNA (41 bp, 3' labeled with
Cy5). MRN preincubated with H,O, was
bound to DNA (5 nM) in a buffer con-
taining 25 mM MOPS, pH 7.0, 5 mM
MgCl, and 0.5 mM AMP-PNP for 10
minutes at 37°C, and protein-DNA com-
plexes were separated by native agarose
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Figure 3. Dual activation of ATM by DNA damage or oxidative stress. (A) ATM can be activated by DSBs with the help of MRN complex or by direct
oxidation. Oxidation of ATM is proposed to increase the activity of cellular antioxidant systems. (B) Inhibition of ATM oxidative activation results in ROS
accumulation, which can damage many cellular components including DNA.

gel electrophoresis. The labeled DNA
was analyzed in the gel using a Typhoon
imager (GE).
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