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Graphical Abstract

Ahmed and Tuxworth show that inhibiting the DNA damage response pathway
using a small molecule inhibitor of ATM, AZD1390, promotes axon regeneration
and functional recovery after spinal cord injury. AZD1390 is orally bioavailable
and reaches the central nervous system in sufficient amounts to engage the target
protein and hence represents an easy-to-deliver compound to promote recovery
of function in spinal cord injured patients.
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Abstract
Spinal cord injury (SCI) affects up to 1.26 million people every year, leading to
permanent disability and death. The biggest causes of SCI are motor vehicle
accidents, falls and interpersonal violence with clinical outcomes very much
dependent on the severity and location of the lesion. Frequently, there is loss
of motor or sensory function below the level of injury. At present, there are no
restorative treatments for SCI patients, with only palliative treatments on offer
and complicated further by the low intrinsic capacity of the central nervous sys-
tem to regenerate. A recent study by Tuxworth andAhmed, published inClinical
and Translational Medicine1 shows that inhibiting ataxia-telangiectasia mutated
(ATM) kinase, a central regulator of the DNA damage response pathway, pro-
moted axon regeneration and remarkable improvements in sensory and motor
function after SCI in bothmice and rats. Moreover, the ATM inhibitor, AZD1390,
is potent and highly selective, orally bioavailable and brain-penetrant.2 AZD1390
is currently being developed for the treatment of brain cancers butwith its simple
route of administration (oral), has the potential to be re-purposed for use in SCI.

In all eukaryotic cells, DNA integrity is challenged fre-
quently by base modifications and strand breaks. Rapid
recognition and accurate repair of DNAdamage are crucial
to maintaining genome stability. Amongst these types of
lesions, DNA double-strand breaks (DSBs) are considered
the most genotoxic and can appear in response to a variety
of causes such as ionizing radiation, reactive chemicals or
indirectly via the processing of other types of DNA lesions
or breakdown of DNA replication forks.3 Upon detection
of DSBs, cells activate the DNA damage response (DDR),
a signal transduction pathway that promotes repair pro-
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cesses and activates DNA damage-dependent checkpoint
proteins that slow or halt cell cycle progression to allow
more time for DNA repair.3 If the damage is too extensive,
the DDR can trigger cell death.
DSBs are a feature of many neurodegenerative diseases,

including Alzheimer’s Disease, amyotrophic lateral sclero-
sis (ALS) and Huntington’s disease. All of these diseases
show dysfunction in the DDR and DSBs are linked with
autophagy and apoptosis in neurodegeneration.5 DSBs are
also a feature after neurotrauma, including spinal cord
injury (SCI) and stroke.6–8 Unrepaired DSBs in neurons
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lead to persistent activation of the DDR and are a poten-
tial trigger for dysregulation of the cell cycle and aberrant
re-entry of neurons into the G1-phase leading to neural
dysfunction, apoptosis and senescence.9
DSBs are sensed by theMRN complex, which comprises

Mre11, Rad50 and NBS1/Nbn. Downstream, the ataxia-
telangiectasiamutated (ATM) andATMand RAD3-related
(ATR) protein kinases are central regulators of the DDR,
activating multiple downstream kinases, such as check-
point 1/2 (Chk1/2).4 We have recently shown that the
ATM pathway is activated in dorsal root ganglion neu-
rons (DRGN) after SCI and that suppression of ATM or
Mre11 upstream, using small molecule pharmacological
inhibitors promotes recovery of sensory and motor func-
tion after SCI.8 KU-60019, an ATM inhibitor, reduced
γH2Ax+ foci (a common way to monitor direct activation
of the DDR8) and promoted significant functional recov-
ery after SCI, but required twice-weekly injections, directly
into the cerebrospinal fluid (CSF). Recently, however, the
pharmacodynamic/ pharmacokinetic profile of a central
nervous system (CNS)-penetrant, highly potent and highly
selective, orally bioavailable ATM inhibitor, AZD1390, was
described.2 AZD1390 has > 10 000-fold selectively over
kinases within the same family and a cell IC50 = 0.78 nM.
Significant concentrations of AZD1390 were present in the
brain after oral administration and bioavailable for at least
8 hours and in syngeneic and patient-derived brain gliomas
established in mice, AZD1390 dosed in combination with
daily ionizing radiation therapy-induced tumour regres-
sion and prolonged survival.2 AZD1390 is therefore being
developed as a radiosensitizer in CNS malignancies.2
In the Tuxworth and Ahmed study,1 we used rodent pre-

clinical models of SCI10 to determine if oral delivery of
AZD1390 would suppress ATM signalling after SCI with-
out the need for delivery directly into the CNS. We first
showed that AZD1390 efficiently suppressed ATM acti-
vation in cultured DRGN, promoting significant DRGN
survival and neurite outgrowth. In vitro, KU-60019 also
promoted similar levels of DRGN survival and neurite
outgrowth as AZD1390. Oral delivery of AZD1390 and
KU-60019 after SCI in mice demonstrated that only oral
delivery of AZD1390 suppressed ATM activation but, in
contrast, oral KU-60019 had no effect on ATM. AZD1390
also promoted significant electrophysiological, sensory
and motor function recovery after SCI, and again, oral
KU-60019 had no effect. These results demonstrated that
sufficient amounts of AZD1390 reached the CNS after oral
delivery to stimulate recovery,whilst oralKU-60019 did not
reach the CNS tissues. These results demonstrate that inhi-
bition of ATMwith a brain penetrant AZD1390might be an
effective therapy to restore lost function after SCI.
In conclusion, oral AZD1390 to suppress ATMactivation

in DRGN after SCI has profound effects on axon regener-

ation and functional recovery, and represents a promising
therapy for restoration of lost function for SCI patients.
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