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Radiation and ATM inhibition: the heart of the matter

Ester M. Hammond and Ruth . Muschel

Cancer Research UK/MRC Oxford Institute for Radiation Oncology, Department of Oncology, University of Oxford, Oxford, United Kingdom.

The role of ATM in damage
response

The ataxia telangiectasia mutated (ATM)
kinase is a member of the PI3K-like protein
kinase (PIKK) family with extensive roles in
DNA damage response signaling (reviewed
in ref. 1). In addition, ATM can respond
to non-DNA-damaging stresses and has
recently been described as having a role
in neoangiogenesis in a melanoma model
(2-5). DNA damage leads to activation of
ATM kinase activity and thus phosphory-
lation of a myriad of downstream targets,
including p53, CHK2, and KAP-1 (6, 7).
This activation triggers cell cycle check-
points, arrest, and delays in the G,, S, and
G, phases of the cell cycle and enables DNA
repair of double-stranded breaks both by
homologous recombination and by nonho-
mologous end joining (8, 9). Hence, fibro-
blasts and tumor cells are radiosensitized
to X-ray radiation therapy (XRT) in culture
by pharmacological ATM inhibition, or by
ATM mutation and deletion (10). These
data suggest that inhibition of ATM should
radiosensitize tumors; however, there is
a hesitancy to employ this strategy clini-
cally, due to fears that normal tissues could
be substantially sensitized as well. This
reluctance is well founded, as it is based on
the catastrophic response of patients with
ataxia telangiectasia (AT) to XRT. The AT
syndrome, which is now characterized in
part by extreme radiosensitivity, is caused
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Numerous in vitro studies have shown that human cell lines lacking
functional ATM are extremely radiosensitive. In this issue, Moding et al.
demonstrate using a murine model of sarcoma that deletion of the Atm
gene has much less of a radiosensitizing effect on normal cardiac endothelia
than on rapidly proliferating tumor endothelia. This work confounds our
assumptions about the generality of the role of ATM in radiation sensitivity
and the potential use of ATM inhibitors as radiosensitizers.

by mutations in the ATM gene. Before AT
was fully characterized, a few patients who
developed lymphoma (a frequent event in
AT) were radiated to treat mediastinal can-
cers and suffered drastic side effects. Those
few reports stressed severe mucositis of the
esophagus and skin desquamation (e.g., ref.
11). Thisled to the subsequently proven sup-
position that ATM plays an important role
in the response and repair of DNA damage,
but also the understandable reticence of
clinicians to consider XRT for AT patients
and reluctance to use AT inhibitors because
of the potential normal tissue sensitiv-
ity. While the clinical observations point to
mucous membranes and skin as targets for
deleterious normal tissue effects, it should
be remembered that thoracic radiation also
inevitably results in some radiation dose to
the heart. Work over recent years has shown
that irradiation of the heart during treat-
ment for breast cancer leads to long-term
increased risk for atherosclerotic coronary
disease (12). However, this dose-dependent
pathology evolves over the long term and is
not replicated in mice unless they are also
predisposed to atherosclerosis, as in mice
with ApoE deficiency (13), and so might not
emerge in some model systems.

An elegant model to
understand the role of ATM

In this issue, Moding et al. used an inno-
vative and intricate system to distinguish
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the effects of ATM deletion in endothe-
lium from the heart and from tumors
(14). The authors used a sarcoma model
that they previously established in mice
with mutant Kras®?? and p53 flanked by
inactivating stop sequences that contain
FlpO cleavage sites (Figure 1). Injection
of FlpO-expressing adenovirus triggered
deletion of the stop sequences, which led
to expression of the Kras®?? oncogene and
deletion of the p53 suppressor gene, result-
ing in sarcoma formation at the site of the
injection. Conditional deletion of ATM
from the vasculature was accomplished
using an alternative recombinase system,
the more commonly used Cre, induced
in the vasculature by the introduction of
a Cre transgene driven by the endothe-
lial specific VE-Cadherin promoter. Thus,
the vasculature of both the tumor and
the normal heart lacked ATM in this sar-
coma-bearing mouse model. Irradiation
of the mouse chest delivered radiation to
both the sarcoma and the heart, allow-
ing for direct comparison of the radiation
response of endothelial cells of the tumor
and cardiac compartments.

Irradiation of the tumor, using a
clinically relevant dose of 20 Gy, led to
increased levels of apoptosis in the ATM-
deleted tumor endothelial compartment
and decreased perfusion in the irradiated
tumor. Together, these data indicate that
ATM affected the radiation response of
the tumor endothelial cells. It should be
noted that a distinction between func-
tional impairment strictly due to vascular
destruction and the capacity for vascular
regrowth is not separable in these experi-
ments. These tumors (lacking ATM in the
endothelium) had a significant growth
delay after irradiation, but not before,
therefore demonstrating that targeting
tumor endothelial cells is an effective
means of increasing radiation-induced
loss of viability. In noteworthy contrast,
the irradiated heart showed no decrement
in function or increase in necrosis regard-
less of endothelial ATM status. This find-
ing contrasted a previous report from this
group that radiation of the hearts of mice
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with VE-Cadherin-Cre-mediated p53 dele-
tion or of mice lacking p21 sensitized them
to myocardial necrosis within four months
after 12 Gy whole-heart irradiation (15).

Role of proliferation in

sensitivity to Atm loss

As a result of these data, Moding et al.
hypothesized that the difference between
the tumor and cardiac endothelium might
be that the endothelium in the tumor is
significantly more proliferative than the
mainly quiescent adult cardiac endothe-
lium (14). In vivo, they addressed this
question by administering SCH72765,
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an inhibitor of cyclin-dependent kinase 1
(CDK1), CDK2, CDK5, and CDK9 that
inhibits cell cycle progression. After
treatment of the sarcoma-bearing mice
with SCH72765, the level of cell death
after irradiation was greatly diminished.
Further testing of this hypothesis in tis-
sue culture was confounded by the fact
that the ATM-deleted endothelial cells
did not grow well enough in culture to
perform these experiments unless p53
was also deficient. Perhaps the combina-
tion of functional p53 and the absence of
ATM allows activation of checkpoints and
amelioration of radiation damage. Hence,
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Figure 1. Generation of genetically engineered
mice with sarcoma driven by deletion of p53
and expression of mutant Kras in mice with
endothelial cell-specific ATM loss. (A) Moding
et al. developed this model (14) using genetically
engineered mice in which Atm was selectively
deleted in the vast majority of endothelial cells
due to transgenic expression of the recombinase
Cre from the endothelial-selective VE-cadherin
promoter. (B) Subsequently, a sarcoma was
induced in these mice. In addition to the
alterations of the Atm gene, these mice had p53
flanked by Frt sequences that can be cleaved
and deleted by a different recombinase, FIpO.
The mice further contained a mutant Kras that
is inhibited in its expression by stop sequences
that also can be cleaved and deleted by FIpO.
Injection of an adenovirus expressing FIpO
resulted in expression of oncogenic Kras and
loss of p53 and led to sarcoma formation at the
site of the injection. Notably, the tumor itself
expressed wild-type ATM. (C) Finally, both the
tumor and the heart were irradiated, allowing
for comparison of tumor endothelial and cardiac
endothelial response to radiation.

the authors compared endothelial cells in
culture with p53 deficiency. Recognizing
that there are caveats in examining ATM-
deficient cells in culture that also lack p53,
Moding et al. reported that ATM deficien-
cy resulted in endothelial cells that were
more sensitive to radiation in clonogenic
survival assays (14). After inhibition of
proliferation via SCH72765 treatment
and irradiation, ATM status did not alter
cell death or micronucleus formation,
which suggests that ATM in endothelial
cells was immaterial if a cell cycle block
was present at the time of irradiation.
These data led to the conclusion that loss
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of Atm in endothelial cells only increases
radiosensitivity if the cells are transiting
through the cell cycle.

These data are consistent with the
importance of ATM signaling for cell cycle
arrest, including G,, S, and G, checkpoints,
and the concept that these delays might
allow sufficient time for DNA repair. The
pharmacological CDK inhibitor could be
postulated to substitute for the presence
of active ATM in the ATM-deficient endo-
thelium. However, ATM has also been
shown to signal in the mechanistic path-
ways for both homologous recombination
and nonhomologous end-joining path-
ways for DNA repair. In fact, inhibition of
proliferation of ATM-deficient fibroblasts
in tissue culture by contact inhibition did
not reduce their radiosensitization sub-
stantially compared with ATM-proficient
cells (16). Additional experiments will be
required to determine whether prolifera-
tion is the only factor determining altered
radiosensitivity in endothelial cells.

Conclusions and future
directions

Radiation therapy is frequently used in
cancer treatment, leading to the objective
of many researchers to devise means to
improve the sensitivity of the tumor (17,18).
DNA double-strand breaks are regarded
as the predominant lethal lesion induced
by irradiation; thus, for many years it has
been hypothesized that inhibition of DNA
damage response signaling/DNA repair
could lead to more effective radiation
treatment. The current paper (14) adds
considerable information to the preclini-
cal work regarding such strategies. This
study will encourage further investigation
of the use of pharmacological inhibition
of ATM (as opposed to genetic knockout)
as a means of radiosensitization clinically.
Given that ATM is a large protein with
extensive regions of unknown function,
it is possible that inhibition of its kinase
activity may not entirely recapitulate the
absence of the protein. Equally possible
are confounding effects as a result of either
incomplete ATM inhibition or off-target
effects, for example, activity against other
PIKK family members. It is also worth not-

ing that in recent years, certainly since the
tragic irradiation of AT patients, radiation
technologies have improved markedly, so
that radiation doses can now be delivered
with greater precision, increasingly reduc-
ing the dose to normal tissue. For example,
the possibility of using ATM inhibitors in
combination with radiotherapy for treat-
ment of glioblastoma — which arise in the
brain, a region of low proliferation — has
already begun to be explored (19, 20). An
ATM inhibitor was also found to sensitize
tumor xenografts to the DNA-damaging
cancer therapeutic drugs etoposide and
irinotecan, without any reported normal
tissue toxicity (21).

In conclusion, ATM is well known to be
one of the master regulators of the cellular
response to radiation-induced DNA dam-
age and a key determinant of radiosensi-
tivity. This set of experiments demonstrat-
ed that different tissues may have different
responses to ATM inhibition. Whether this
is simply due to differences in proliferation
or whether additional factors are relevant
remains to be determined. Understanding
of these factors could point the way to the
clinical use of ATM inhibitors as radiosen-
sitizers in cancer therapy.
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