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Ataxia-telangiectasia mutated (ATM) is a serine/threonine protein kinase
with a master regulatory function in the DNA damage response. In this
role, ATM commands a complex biochemical network that signals the pres-
ence of oxidative DNA damage, including the dangerous DNA double-
strand break, and facilitates subsequent repair. Here, we review the current
state of knowledge regarding ATM-dependent chromatin remodelling and
epigenomic alterations that are required to maintain genomic integrity in
the presence of DNA double-strand breaks and/or oxidative stress. We
will focus particularly on the roles of ATM in adjusting nucleosome spacing
at sites of unresolved DNA double-strand breaks within complex chromatin
environments, and the impact of ATM on preserving the health of cells
within the mammalian central nervous system.

This article is part of the themed issue ‘Chromatin modifiers and remo-
dellers in DNA repair and signalling’.

1. Ataxia-telangiectasia mutated and the DNA double-strand
break response

(a) Properties and activation of the ataxia-telangiectasia mutated
protein kinase

The ataxia-telangiectasia mutated (ATM) protein kinase is a master regulatory
factor in the DNA double-strand break (DSB) response. ATM is a large, 3056
amino acid protein encoded by a 160 kb gene on human chromosome 11 [1-3].
ATM is a PI3K-like protein kinase (PIKK), a family that also includes the
DNA-dependent protein kinase catalytic subunit DNA-PKcs and the ATM
and Rad3-related kinase ATR [1-4]. All PIKKs share four common protein
domains, including the FRAP-ATM-TRRAP domain (FAT), the kinase
domain, the PIKK regulatory domain and the Fat-C-terminal domain (FATC)
[2/4,5]. Much of the N-terminus of these PIKKSs, including ATM, is composed
of a-helices whose tertiary structures resemble Huntingtin, elongation factor
3, protein phosphatase 2A, TOR1 (HEAT) motif repeats which regulate
protein—protein interactions and catalytic activities [2,4,5]. ATM is largely loca-
lized to the nucleus where, under physiological conditions, it is catalytically
inactive as a homodimer [2,6]. Upon DSB induction, the heterotrimeric
Mrel1-Rad50-Nbs1l (MRN) complex detects DSB termini and induces ATM
trans-autophosphorylation at serine 1981 (ATMS!981P) leading to monomeriza-
tion (figure 1) [2-4,7]. Early ATM autophosphorylation events additionally
form ATM™07P| ATMS'8P and ATMS?*°P [4,8 9], and monomerization also
depends on acetylation (ac) by the KAT5/Tip60 histone acetyltransferase to
form ATM®3016a¢ [10-12]. ATM monomerization is coupled with interactions
between ATM and the NBS1 component of the MRN complex, recruitment to
DSB sites and increased protein kinase activity and substrate affinity [2-4,6].
Once active, ATM phosphorylates (serine/threonine)-glutamine (S/T-Q)
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Figure 1. ATM activation and signalling axes. ATM can be activated in the context of a DSB by the MRN complex or by direct oxidation. In response to a DSB, MRN
binds DSB ends, and promotes the autophosphorylation and activation of ATM*™*®'P. When activated, ATM generates Chk2™®®" and p53°'P. This promotes recruit-
ment of downstream signalling and effector proteins, including 53BP1, which interacts with ATM and effectors such as RIF1, PTIP and SCAI. In response to oxidative
stress, inactive ATM homodimers are directly oxidized and activated, bypassing MRN-dependent autophosphorylation. Downstream targets of ATM activated by ROS

are largely unknown, apart from Chk2™ and p53*™". (Online version in colour.)

motifs on more than 700 protein substrates [4]. The multitude
of ATM substrates has been reviewed in [3].

(b) Ataxia-telangiectasia mutated to 53BP1 signal

transduction pathways
Once activated by the presence of DSBs, ATM plays an integral
intracellular signalling role, effecting alterations to cellular tran-
scription and translation, and regulating cell cycle checkpoint
activation (figure 1). In addition to these more well-understood
roles, ATM also plays a vital part in modulating the local chro-
matin environment around DSBs to facilitate DSB signalling
and repair. Briefly, ATM targets chromatin surrounding DSBs
by phosphorylating S139 of histone variant H2AX to form
H2AX5P, better known as “yH2AX’ [3]. The BRCT domain-
containing protein MDC1 (mediator of DNA-damage check-
point protein 1) binds directly to yYH2AX and, through direct
MRN-MDCT1 interactions, further activates ATM to amplify
its response around DSBs. MDC1 also promotes the recruit-
ment and activation of the ubiquitin ligases RNF8 and
RNF168, enabling mono- and poly-ubiquitination of histone
H2A and H2AX on lysines in nucleosomes surrounding the
DSB [13,14]. At the same time, ATM phosphorylates and acti-
vates the RNF20-RNF40 ubiquitin ligases, which ubiquitinate
K120 of histone H2B within the same region. Ultimately, a

critical downstream mediator and effector protein of ATM sig-
nalling is 53BP1, which is recruited to sites of DSBs via
interactions with dimethylated lysine 20 on histone H4
(H45?°™%) and also ubiquitinated lysine 13 and 15 of histone
H2A (H2AKI¥/KI5uby [1516]. ATM also phosphorylates
53BP1 on multiple sites to facilitate recruitment of many
53BP1-interacting proteins that play a role in DSB repair,
such as RIF1 and PTIP [17]. Through its tandem BRCT
domains, 53BP1 also interacts with yH2AX and the Rad50
component of the MRN complex, events that are necessary
to recruit and concentrate activated ATM around DSBs
[18,19]. Disrupting this 53BP1-BRCT,-yH2AX interaction
impairs the ability of activated ATM to accumulate at DSBs,
and mutation of the BRCT, domains in 53BP1 also precludes
recruitment of MRN to DSBs [18,19]. 53BP1 is important
to concentrate activated ATM at DSBs to facilitate robust
phosphorylation of substrates subject to constitutive phos-
phatase-mediated ~dephosphorylation [20,21] (discussed
in greater detail in §2c). Recently, SCAI (suppressor of
cancer cell invasion) was identified as another important
53BP1-dependent effector protein. Using chromatin mass
spectrometry and quantitative mass spectrometry analyses,
Hansen et al. showed that SCAI is enriched at sites of DSBs
in part through an ATM-dependent 53BP1 interaction [22].
Loss of SCAI confers DSB repair defects in both mouse and
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human cells, and ATM inhibition precludes SCAI interaction
with 53BP1 [22]. SCAI was found to interact with multiple
heterochromatin-associated proteins such as HP1, and is
involved in the repair of heterochromatic DSBs through pro-
moting ATM-dependent signalling events (such as KAP-
15824P) [22]. It remains to be seen whether SCAI influences
further downstream DSB-response signalling events.

() Ataxia-telangiectasia mutated activation and
signalling in response to oxidative stress

Oxidative stress occurs when endogenously or exogenously
produced reactive oxygen species (ROS) exceed cellular
antioxidant defences [23,24]. These ROS include oxygen mol-
ecules and their reactive derivatives (superoxide anions and
singlet oxygen), as well as peroxides and hydroxyl radicals
[23,24]. ROS can be produced endogenously by processes
such as mitochondrial respiration, peroxisome metabolism
and inflammatory processes, as well as by exogenous
agents including ionizing radiation (IR), ultraviolet light, che-
motherapeutics and environmental pollutants [23]. Normally,
ROS are scavenged and detoxified through small molecules
including uric acid, glutathione, ubiquinone, ascorbic acid,
proteins such as haemoglobin, and enzymes that metabolize
ROS such as glutathione-S-transferase and superoxide dis-
mutase [25]. Oxidative stress, among many things,
produces oxidatively damaged DNA. This type of damage
includes base damage (apurinic or apyrimidinic sites),
damage to the sugar-phosphate backbone, DNA single-
strand breaks (SSBs), DSBs (often from two SSBs in close
proximity), inter- and intra-strand crosslinks and protein—
DNA adducts [26,27]. These lesions are often clustered and
complex, making DNA repair particularly difficult and
often requiring the local chromatin environment to be altered
(discussed in detail later).

Beginning with the seminal work by Shackelford and co-
workers in 2001, ATM has also been shown to be activated by
ROS (figure 1) [2,28]. This group showed that ATM-mutated
fibroblasts had dysfunctional ROS-activated cell cycle check-
point responses, and failed to phosphorylate downstream
targets in response to ROS treatment [28]. It has since been
demonstrated that in response to ROS, ATM phosphorylates
downstream targets such as the Chk2 protein kinase and p53
transcription factor [29]. Similarly, CREB is also a direct
target for ATM phosphorylation, which serves to regulate
CREB-dependent transcriptional activity in response to
DNA damage and cellular oxidative stress [30]. In 2010,
Guo et al. found that ATM is indeed activated in response
to oxidative stress in an MRN-independent manner that is
separate from its DSB activation [31]. This activation depends
on the oxidation of two cysteine residues in the inactive
dimer which form a disulfide bond and activates the nor-
mally inactive dimer [2,31]. Once activated by oxidative
stress, ATM phosphorylates a specific, but unresolved, set
of targets that only partially overlaps with the targets it phos-
phorylates in the canonical DSB response [2,31]. ATM’s role
as a ROS sensor in the cell is further supported by the finding
that hydrogen peroxide (H,O;) treatment, a robust generator
of ROS in the cell, activates ATM and stimulates phosphoryl-
ation of its downstream targets [8]. The concentrations of
H,0; used in these studies are low enough to avoid robust
DSB generation, and accordingly, this ATM activation
occurs in the absence of the MRN complex. Interestingly,

targets of ATM in the canonical DSB response, such as
KAP-1, remained unphosphorylated in response to H,O,.
Taken together, these findings indicate an expansion of the
network by which ATM monitors cellular oxidative stress
and phosphorylates a specific set of downstream targets inde-
pendent of those in its DNA damage response (DDR) role to
respond to oxidative stress [8]. Accordingly, this activation is
attenuated by treatment with the ROS-scavenger N-acetylcys-
teine or low-oxygen (hypoxic) conditions [32]. This would
further indicate that there are distinct cellular responses that
are independently controlled through ATM. The existence
of an expanded, DNA-independent ATM activation pathway
suggests that ATM may function outside the nucleus and,
indeed, a recent large-scale phosphoproteomic screen ident-
ified cytoplasmic ATM activated by oxidation, with over
2500 unique protein targets [33].

ATM directly and indirectly influences the repair of oxi-
dative DNA damage. Oxidative DNA base damage
produced by H,O, requires the base excision repair (BER)
pathway, and the ATM-Chk2 axis phosphorylates the BER
factor XRCC1 to facilitate its association with DNA glycosyl-
ases that recognize base damage [34]. ATM also plays a role
in regulating NHE] in response to oxidative stress; evidence
indicates that treatment of human fibroblasts with H,O, acti-
vates the Ku70/80 heterodimer in an ATM-dependent
manner at sites of oxidatively damaged DNA [35,36]. Oxi-
dative base damage can also trap topoisomerase 1 (TOP1)
on DNA, creating a TOP1 cleavage complex (TOPlcc).
TOP1 catalyses a transient nick in the 3’ phosphodiester back-
bone of a single DNA strand, and creates a covalent tyrosyl
linkage in the process [37,38]. The resulting DNA-protein
complex is resolved by tyrosyl-DNA-phosphodiesterase 1
(TDP1), which is, interestingly, regulated by ATM [38].
ATM phosphorylates TDP1 to stabilize it at DSBs produced
by the collision of replication and transcription machineries
with TOPlcc; this also serves to recruit XRCC1 to facilitate
repair of TOPlcc by BER. Additionally, ATM enhances
TOP1 proteolysis from DNA which subsequently activates
DNA-PK [39]. This DNA-PK activation facilitates ubiquitina-
tion and proteasomal turnover of TOPlcc, and enhances
mono-ubiquitination of H2A and H2AX to facilitate DSB
repair [39]. In addition to BER repair, ATM has also been
implicated in mismatch repair (MMR) of oxidatively
damaged DNA. In vitro, selenium treatment is a potent gen-
erator of ROS, which creates oxidative lesions such as
8-oxoguanine (8-oxoG) [25,40]. The activation of MMR
factor MLH1 in response to selenium-generated ROS and
the subsequent repair of 8-0xoG lesions depend upon ATM
activity [40]. Further, after exposure to doxorubicin, a ROS-
generating topoisomerase poison, ATM was demonstrated to
phosphorylate MLH1 at serine 406 to facilitate its recruitment
to sites of DNA damage and repair [41]. In this way, ATM also
regulates MMR in response to oxidative DNA damage.

Collectively, the evidence discussed supports at least two
separate mechanisms of ATM activation: (i) in response to
DSBs, whereby the MRN complex helps to elicit and sustain
ATM activation and (ii) in response to cellular oxidative
stress, whereby the MRN complex is not required and
direct ATM oxidation elicits activation. In the first, MRN
‘senses” a DSB and undergoes a conformation change with
ATP and DNA binding, which enhances Nbsl association
with the complex, which then in turn recruits ATM via the
C-terminal portion of Nbsl. In such a case, ATM activation
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would necessitate contact with the C-terminal fragment
of Nbsl, Rad50-Mrell dimers and DSB ends. With regards
to the second mechanism, two ATM molecules become
covalently linked via disulfide oxidation, resulting in a con-
formational change that may bypass the auto-inhibition of
dimeric ATM [2]. Interestingly, ATM-interacting factor
ATMIN has been identified as an important interacting
factor in the ROS-activated ATM pathway, and binds to the
C-terminal region of ATM near the ATM-interacting motif
within Nbsl [42]. Thus, it appears that a competition between
NBS1 and ATMIN may regulate the ATM activation pathway
choice. Given that many DSBs occur ‘hand-in-hand” with oxi-
dative stress, studying the interplay between these pathways
will be an interesting direction of future inquiry.

2. Ataxia-telangiectasia mutated-dependent
chromatin dynamics

(a) Chromatin remodelling within different genomic

environments
Chromatin, meaning DNA that is packaged with histone pro-
teins to form nucleosomes, can be roughly subdivided based
on transcriptional potential. As a rule, euchromatin is loosely
condensed chromatin that is often gene-rich and therefore
transcriptionally active, while heterochromatin is tightly con-
densed chromatin that is typically silenced, gene-poor or
transcriptionally inert. Regional nucleosome arrangements
are regulated by post-translational modifications that form
recruitment platforms for chromatin-modifying enzymes.
As DNA damage and repair occur in the context of these
highly complex chromatin environments, repair must take
place in concert with changes in chromatin structure and
organization to maximize the efficiency of repair. These
changes to the protein-DNA and protein—protein inter-
actions in chromatin
surrounding the area of DNA damage to alleviate chromatin
structure barriers, suppress interfering processes (transcrip-

chromatin help to alter the

tion and replication) and allow repair factors to resolve
damage. Again, these changes in chromatin organization
are carried out through epigenetic post-translational modifi-
cations of nucleosome and non-nucleosome proteins, and
the work of ATP-dependent chromatin remodellers. Such
alterations occur in the context of an ‘access, repair and
restore” model [43], meaning DNA damage is detected, and
histone-modifying proteins and chromatin remodellers re-
organize local chromatin architecture to allow DNA repair
factors to access and repair the DNA. The potential catalogue
of histone modifications is expansive, performed by histone
acetyltransferases, deacetylases, methyltransferases and
demethylases as well as ubiquitin ligases and de-ubiquiti-
nases, histone chaperones, kinases and phosphatases [43].
ATP-dependent chromatin remodellers also use energy
from ATP hydrolysis to adjust the spacing between DNA
and histones [44]. These enzymes can increase or decrease
the length of DNA between nucleosomes, eject or load
nucleosomes onto DNA, or exchange histone variants
within nucleosomes. Generally, chromatin remodellers can
be grouped into four ‘families’” based on similarities in
biochemical structure: (i) CHD (chromodomain helicase
DNA-binding), (ii) INO80 (inositol requiring), (iii) SWI/
SNF (switch/sucrose non-fermentable) and (iv) ISWI

(imitation SWI) classes. For a comprehensive review of chro-
matin remodellers, see [44,45], or for a review of the function
of some of these remodellers in the context of DSB repair, see
the van Attikum group’s review in this issue [46]. The activity
of histone-modifying and chromatin remodelling enzymes at
sites of DNA damage is tightly regulated. Although many of
the processes controlling DNA-damage responsive chromatin
remodelling enzymes are still being resolved, it is clear that
ATM is key in the regulation of these factors. In this section,
we will discuss some of ATM’s roles within heterochromatin
and euchromatin with regards to orchestrating chromatin
remodelling for DSB responses.

(b) Ataxia-telangiectasia mutated and the formation
and persistence of yH2AX

The formation of YH2AX foci at DSB sites is one of the first
events in DSB repair signalling. H2AX belongs to the histone
H2A family, and is phosphorylated redundantly at S139 by
ATM, DNA-PK and/or ATR (ATR activity contributing
to yH2AX only under conditions of replication stress in
S-phase or DSB termini resection in G2) [3,47,48]. yH2AX
expands to encompass up to 20-30 megabases of DNA sur-
rounding the DSB lesion. Megabase clusters of YH2AX are
easily visualized by immunofluorescence microscopy, and
the rate of resolution of these YH2AX foci is a sensitive and
accurate surrogate indicator of DSB repair under most con-
ditions [48,49]. In human fibroblasts, H2AX represents
approximately 10% of all H2A, but this number varies signifi-
cantly [48]. For example, in human lymphocytes, only about
2% of total H2A is the H2AX variant [48]. This variation is, in
part, due to differences in the regulation of H2AX synthesis
and incorporation into nucleosomes, just as the resolution
of foci is due, in part, to the removal of H2AX from nucleo-
somes—the effect of H2AX levels (relative to total H2A) on
tissue radiosensitivity and DSB repair kinetics is unknown.
In addition to ATM/DNA-PK/ATR, there are several
other events that contribute to yH2AX formation. The
BRGI catalytic subunit of the SWI/SNF chromatin remodel-
ling complex contributes to effective yYH2AX formation and,
upon DNA damage, ATM phosphorylates BRG1¥?' which
greatly enhances BRG1 affinity for H2AX-containing nucleo-
somes and acetylated histone 3 [46,50]. This localizes BRG1 at
DSB sites, where its chromatin remodelling activity contrib-
utes to enhanced YH2AX formation and spreading [46,50].
This constitutes another example of how ATM activity can
be self-reinforcing through its activity on the chromatin facil-
itating robust yH2AX signalling. Additionally, knockdown of
the Williams syndrome transcription factor (WSTF), a com-
ponent of the WICH chromatin remodelling complex,
indicates that it promotes ATM and MDC1 recruitment to
DNA damage sites [51]. WSTF phosphorylates H2AXY'4?
and it appears, through a currently unclear mechanism,
that H2AXY142P influences the kinetics of yH2AX formation
and resolution. Interestingly, the Eyal/3 phosphatases
which target H2AXY'*?P are themselves ATM/ATR sub-
strates and their phosphorylation may cue their activity at
vYH2AX, believed to promote the repair response over the
apoptotic response under genotoxic stress [52]. Further indi-
cation of yYH2AX regulation was revealed in quiescent cells,
where H2AX is expressed constitutively, but is poly-ubiquiti-
nated by the E3 ubiquitin ligase HUWE1 and is subject to
proteasomal degradation [53]. However, upon DSB
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Figure 2. ATM-dependent signalling events around DSBs in different chromatin environments. (a) ATM’s role in DSB repair within transcriptionally silent hetero-

chromatin involves KAP-1 phosphorylation (KAP-1%27)

, promoting CHD3.1 dispersal. ATM-dependent RNF20-RNF40 activity, at the same time, promotes H2

K121
B Oub

and ACF1-SNF2H recruitment to adjust nucleosome spacing to make chromatin amenable to DSB repair. (b) In response to nucleolar DSBs (i.e. transcriptionally active
regions) ATM generates TCOF*'*°, which facilitates NBS1 translocation into the nucleolus. Once there, NBS1 inhibits RNA Pol | globally, enabling DSB repair by NHEJ.
Outside the nucleolus, RNA Pol Il activity is attenuated by ATM, via BAF180°4% phosphorylation, precluding chromatin decompaction during transcription. ATM-
dependent PRC1/2 recruitment facilitates H2AK""*®, which augments this process. (Online version in colour.)

formation, SIRT6 and the ISWI chromatin remodeller SNF2H
are rapidly recruited, and HUWE1 dissociates from chroma-
tin to stabilize and incorporate H2AX at DSBs leading to
vH2AX formation [53]. ATM is required for H2AX stabiliz-
ation, and may directly regulate HUWE1 to facilitate its
dissociation from H2AX [53]. Taken together, these findings
indicate that yYH2AX regulation is emerging as a much
more dynamic process than once thought.

(c) Ataxia-telangiectasia mutated-dependent chromatin

remodelling events in heterochromatin
While the majority of DSBs are repaired (ultimately) without
a need for ATM activity, the kinase plays an essential role in
the repair of DSBs induced within heterochromatin and,
when inactive or absent, the majority of heterochromatic
DSBs (encompassing 10-25% of total lesions) fail to be
repaired (figure 2a) [16,54]. Central to this pathway is the
phosphorylation (by ATM) of the transcriptional co-repressor
and heterochromatin building factor KAP-1 on serine 824
[12,20,21,55,56]. ATM-dependent KAP-1582%p initially forms
in a pan-nuclear manner but, over time, occurs in a localized
and concentrated manner around DSBs within heterochroma-
tin, as 53BP1 interactions with yH2AX and the Rad50
component of the MRN complex localize ATM protein
kinase activity at persisting lesions [19-21,46,55]. As stated

earlier, interactions between the tandem BRCT domains of
53BP1 and both Rad50 and yYH2AX enable the hyper-
accumulation of active ATM at DSBs [19,20]. This abundance
of ATM activity is necessary to ‘overwhelm’ the constitutive
phosphatase activity of PP4 towards KAP-1%%2%P | which nor-
mally serves to remove KAP-15¥2*P as the DDR winds
down following DSB rejoining [21]. KAP-1 is also phosphory-
lated on serine 473 by Chk2, a downstream target of ATM,
and this post-translational modification, apart from modulat-
ing the expression of KAP-1-related stress genes, appears to
exert an influence over G2/M checkpoint signalling [21].
ATM-dependent KAP-15%2*P enables DSB repair in hetero-
chromatin by exerting a direct influence on CHD-class
chromatin remodellers, specifically CHD3 isoform 1
(CHD3.1) [46,57]. CHD3.1 is associated with transcriptional
repression and chromatin compaction, as a core component
of mammalian nucleosome remodelling and deacetylase
(NuRD) complexes (reviewed in [44]). CHD3.1 is retained
in heterochromatin through an interaction between its
extreme C-terminal SUMO-interacting motif (SIM) and
SUMO-modified KAP-1 found in heterochromatin regions.
The formation of KAP-15824P perturbs the interaction between
the CHD3.1 SIM and SUMOylated KAP-1, triggering
CHD3.1 dispersal from heterochromatin [16,46,56,58,59].
This event is associated with the DSB-, ATM- and KAP-
15824P—dependent chromatin relaxation event first described
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by the Shiloh group [55]. More recently, the dispersal of the
nucleosome-compacting activity of CHD3.1 was found to be
only partly responsible for adjusting chromatin relaxation
around a heterochromatic DSB. Indeed, the activity of the
ISWI-class chromatin remodeller ACF1-SNF2H is required
once CHD3.1 is dispersed in order to actually adjust nucleo-
some spacing into a configuration amenable for repair
[46,57]. ACF1-SNF2H is recruited to chromatin (vacated by
CHD3.1) in a pathway requiring ATM-dependent RNF20-
RNF40 phosphorylation and RNF20-RNF40-dependent
H2BX120% 146 57 60].

Interestingly, SNF2H, which is a catalytic component of a
variety of remodelling enzyme complexes, is also recruited to
DSB-associated chromatin via the ATM-dependent phos-
phorylation of the Rsf-1 subunit of the RSF complex [61].
Rsf-1 augments checkpoint signalling and cell survival after
DNA damage, and promotes accumulation of homologous
recombination (HR) repair factors Rad51 and RPA at DSBs.
Given that the majority of HR in G2 phase is known to
occur in heterochromatic lesions [62], then this pathway prob-
ably also contributes to heterochromatic DSB repair. In
addition to this, Rsf-1 can recruit the centromere-associated
proteins CENPS and CENPX to DSBs in an ATM-dependent
manner, which may further help to prevent unwound DNA
from re-coiling while repair takes place [46,63].

Another substrate of ATM that is relevant to HR-
mediated repair is the CHD-class chromatin remodeller
CHD4. CHD4, similar to (but mutually exclusive from)
CHD3.1, is a catalytic subunit within NuRD complexes, a
multi-subunit, transcriptionally repressive complex that com-
bines chromatin remodelling with histone deacetylase and
histone demethylase action [44,45,64]. CHD4 is recruited
rapidly to DSBs in a poly-ADP ribose polymerase (PARP)-
dependent manner and plays an important role in DSB
repair [46,64]. In addition, the NuRD complex in part regu-
lates the G;—S checkpoint by deacetylating p53 after DNA
damage [43,64]. CHD4 has multiple ATM phosphorylation
sites [64,65], of which CHDA453*P facilitates its retention
and stabilization at IR-induced DSBs after its recruitment
by PARP [65].

(d) Ataxia-telangiectasia mutated-dependent chromatin

remodelling in transcriptionally active chromatin
In contrast with the role that ATM plays in DSB repair in het-
erochromatin, emerging evidence suggests it is equally
important to the repair of DSBs in transcriptionally active
euchromatin (figure 2b). An excellent model for looking at
transcriptionally active euchromatin is nucleolar ribosomal
DNA, which is some of the most highly transcribed DNA
in the genome [66], and is one such unique chromatin setting
where ATM acts to preserve genomic integrity. ATM med-
iates transcriptional silencing in response to DNA damage
to prevent collision of the transcription machinery with
DNA repair factors. ATM coordinates silencing of RNA Pol
I, the primary rRNA polymerase, in response to DNA
damage in the nucleolus by signalling through Nbsl and
MDC1 to facilitate displacement and nucleolar exit of RNA
Pol 1[67]. In response to DNA damage outside the nucleolus,
ATM phosphorylates TCOF15''*? (commonly known as trea-
cle) to facilitate the translocation of Nbsl from the
nucleoplasm to the nucleolus and facilitate RNA Pol I inhi-
bition [68,69]. Recent work from the Greenberg group

shows that rapid repair of DNA damage via NHE] preserves
rDNA transcription in the nucleolus, but persistent DNA
damage activates a large-scale ATM-dependent transcrip-
tional silencing and nucleolar reorganization event [66].
This reorganization shuttles DSBs into nucleolar ‘caps’,
which facilitate the recognition and repair of DSBs. Thus,
ATM regulates transcriptional silencing to preserve genomic
stability, and this silencing induces reorganization of nucleo-
lar proteins that facilitate chromatin reorganization in the
nucleolus for effective DSB repair.

In contrast with RNA Pol I, global RNA Pol II activity is
not silenced upon induction of DSBs. The Greenberg labora-
tory designed an assay to monitor transcription of a reporter
gene in the vicinity of a Fokl nuclease-generated DSB [70].
DSB-induced ATM activity blocked the normal chromatin
decompaction accompanying RNA Pol II activity, silencing
reporter genes proximal to DSBs in an ATM and H2A
ubiquitination-dependent manner [70]. Interestingly, this
transcriptional silencing process required the action of the
SWI/SNF-B (PBAF) complex—specifically, the BAF180 sub-
unit of this complex. BAF180 is phosphorylated at serine
948 by ATM, enabling the PBAF complex to elicit transcrip-
tional silencing in cis to DSBs, and rapid repair of DSBs
within transcriptionally active regions via NHE]J [71].
Additionally, ATM also promotes the recruitment of poly-
comb repressive complexes PRC1 and PRC2, which,
together with RNFS8, ubiquitinate H2AKM [71]. Depletion
of PRC2 compromises DSB repair and leads to IR sensitivity
[72]. Altogether, this activity silences transcription around
DSBs and facilitates rapid repair to preclude the complex
damage that can occur when transcription encounters DNA
repair machinery. This work highlights a role for ATM
in a third type of DSB repair, distinct from the classical
‘fast” ATM-independent euchromatic and the ‘slow’ ATM-
dependent heterochromatic DSB repair: namely DSB repair
around active transcription sites.

3. Ataxia-telangiectasia mutated and oxidative
DNA damage in the central nervous system

(a) Ataxia-telangiectasia and the neurological
phenotype

Ataxia telangiectasia (A-T) is an autosomal recessive disorder
characterized by mutations in the ATM gene that often lead
to protein instability, or catalytically insufficient ATM protein
(figure 3) [73-75]. The clinical presentation of A-T is typified
by the early onset of progressive cerebellar ataxia, chor-
eoathetosis, cognitive symptoms such as progressive
dysarthria, oculocutaneous telangiectasia, immunodeficiency
and lymphoid tumours, sterility and a heightened suscepti-
bility to bronchopulmonary disease [74]. On a cellular level,
A-T patients show marked cellular radiosensitivity, chromo-
somal instability and cell cycle checkpoint defects [73,74].
The onset of A-T symptoms occurs in early childhood, and
patients are often wheelchair-bound by progressive cerebellar
ataxia by the time they reach adolescence [74,75]. This cer-
ebellar ataxia is accompanied by a progressive thinning of
the molecular layer of the cerebellum due to the loss of Pur-
kinje neurons [75-77]. Classically, the focus on the
neurodegeneration in A-T has been directed at the cerebel-
lum, due to the striking cerebellar ataxia in A-T. This
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Figure 3. DNA damage repair in different neural cell types, and ATM-associated neurological phenotypes. (a) At different neurodevelopmental stages, cells encoun-
ter different sources of DNA damage: replication stress predominates in rapidly proliferating stem and progenitor cells, while genomic damage from high
transcriptional load and ROS are predominant in post-mitotic neural cells. (b) Neurodevelopment involves proliferation, migration and differentiation of neural
stem cells down multiple neural cell lineages. Neural stem cells generate neural progenitors that differentiate into neurons that populate the brain, primarily pre-
natally. Glial cells, including astrocytes and oligodendrocytes, are primarily formed in the early postnatal years from glial progenitor cells. (c) ATM mutation
predisposes the cerebellum to rapid postnatal degeneration through defects in proliferation maintenance, transcriptional dynamics and epigenetic regulation
which likely underlie the progressive ataxia observed in ataxia-telangiectasia patients. (Online version in colour.)

neurodegeneration, however, is not confined to the cerebel-
lum and, upon close inspection, and specifically in older
patients, neurodegeneration is found in the dentate and oli-
vary nuclei, the basal ganglia, throughout the cerebrum,
and in the brainstem [78]. The complete neurological pheno-
types of A-T have been explored elsewhere [79] and, here, we
will focus on the emerging ATM-dependent defects in neur-
onal chromatin remodelling and epigenetic signalling that
may underlie (some of) the central nervous system (CNS)
symptoms of A-T.

The marked neurological phenotypes that arise from
mutations in DDR factors demonstrate a critical role for
DNA repair in the nervous system. Since many of these
neurological phenotypes overlap with those of A-T, the
field has long thought that these must be due to the deficits

in the DDR that comes with dysfunctional ATM. The loss
of ATM is different from loss of other DDR factors, however,
as there is no overt dysfunction in corticogenesis and early
brain development, but rather, deficits in neuronal mainten-
ance in the cerebellum, brain stem and spinal cord. These
unique symptoms set A-T apart from other diseases of the
DDR in its lack of microcephaly and subtle, if any, cognitive
deficits [80]. Notably, the cerebellar ataxia observed in
humans is largely absent in mouse models of A-T [81-83].
It is likely that the pleiotropic A-T phenotype is the result
of the systemic loss of function across the many roles of
ATM critical for proper neuronal differentiation, maturation
and integrity. Traditionally, investigation into the CNS phe-
notypes of A-T has been hindered by challenges in growing

and maintaining neuronal

cultures relative to other
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proliferative or transformed cell lines, and interrogating the
molecular mechanisms that underpin A-T in a neural cell
type-specific manner. Investigation has previously focused
on the canonical role of ATM in the signalling and repair of
DSBs in mature neurons. These DSBs are often thought to
be a product of ROS produced by neuronal metabolism
and, indeed, neurons are very oxidatively stressed cells [78].
As discussed earlier, ATM plays a key role in orchestrating
a cellular response to this oxidative stress and, so, an expec-
tation that A-T phenotypes are uniquely the result of DDR
defects omits the exceptional role ATM plays in countering
oxidative stress.

(b) Ataxia-telangiectasia mutated and oxidative stress
in the central nervous system

The brain consumes up to 20% of inspired oxygen. As such, it
is remarkably metabolically active with relatively low levels
of antioxidants and ROS-countering molecules [84]. This
makes the brain susceptible to oxidative stress and, given
the post-mitotic status and required longevity of many
neural cells, protection against the damaging effects of ROS
is important. There are many lines of evidence to suggest
that exaggerated oxidative stress contributes strongly to the
neurodegeneration in A-T. First, A-T cells and tissues display
abnormally high levels of oxidative stress. Studies have ident-
ified differential levels of redox markers in the brains, and
particularly the cerebella, of Atm ™/~ mice and higher
levels of ROS [85], oxidative DNA damage and lipid oxi-
dation products in A-T patient brain tissue [86]. Second, A-
T cells and tissues are especially sensitive to ROS-inducing
agents (such as hydrogen peroxide and ionizing radiation)
and have impaired DNA damage checkpoint responses, per-
sistent low-level DNA damage and a lowered apoptosis
threshold [28,36,87]. Finally, treatment of A-T cells and tis-
sues with antioxidants can improve cell and tissue survival.
For example, treatment of cultured Purkinje neurons and
Atm~/~ mice with isoindoline nitroxide increases cell survi-
val in vitro and reduces the oxidative burden in the brain
(particularly in the cerebellum) [88]. Treatment of Atm™'~
mice with N-acetylcysteine is also chemoprotective, and
increases longevity of A-T mice [89,90].

Interestingly, in mouse models of A-T the cerebellar Pur-
kinje and granule cells appear to be uniquely high in
oxidative stress and sensitive to ROS-induced death. Many
previous studies have shown significantly increased ROS
levels in cerebellar Purkinje cells of Atm ™/~ mice relative to
wild-type mice, with evidence of ROS-damaged proteins,
lipids and DNA at baseline [8591,92]. Heightened ROS
levels and ROS-induced DNA damage are also found in
A-T patient lymphocytes [86]. To some extent, markers of
oxidative stress are also found in other brain areas subject
to degeneration in A-T such as the striatum and the cortex,
but these findings are inconsistent. One thing is clear, how-
ever: the cerebellum, the brain area with the greatest
neuropathological changes in A-T, is rich in and sensitive to
ROS in A-T. What causes these aberrancies in this brain
region in the absence of ATM remains largely unknown.
Interestingly, the glial cells that make up much of neural
cells are also affected by ATM loss. In vitro, cultured
Atm~/~ astrocytes display increased levels of oxidative
stress, and in vivo, astrocyte-like Bergmann glia of the cere-
bellum mirror this finding [93]. Neurons depend on

astrocytes for antioxidant support and, indeed, ATM loss
impairs antioxidant glutathione metabolism and secretion
which compromises cerebellar neuron survival and out-
growth [94]. Moreover, white matter abnormalities have
been noted in A-T patients, which suggest the myelinating
oligodendrocytes of the CNS are affected by ATM loss.
Several neuroimaging studies have identified white matter-
deficient areas across the A-T brain, and some more recent
studies have shown degeneration of major white matter
tracts in young A-T patients [95-97]. As oligodendrocytes
are also highly oxidatively stressed cells due to several phys-
iological factors [98] (high metabolism, high peroxisome
content, high iron content and low antioxidant levels), it
is likely that the ATM-oxidative stress axis is also at play
here. Thus, the innate susceptibility of the cerebellum to
oxidative damage and stress probably predisposes it to
degeneration without ATM, which carefully regulates the
ROS defence in cells. The underlying mechanisms that sensi-
tize the cerebellum to oxidative stress are poorly understood;
however, emerging evidence suggests that ROS-induced
DNA damage may interact uniquely with transcriptional
and epigenetic processes in neurons, particularly those of
the cerebellum.

(<) Neuronal transcription-associated DNA damage
requires ataxia-telangiectasia mutated for repair

DNA damage occurs as a by-product of active transcriptional
processes in neurons, and ATM appears to be necessary to
both prevent and repair this damage. On average, the brain
has three to five times more actively transcribed genes than
any other tissue [99], and neural cells, particularly neurons,
are rich in transcriptional processes. While TOP1 poisons
such as topotecan and camptothecin can trap TOP1 on
DNA and create an irreversible TOPlcc, it is important to
note that oxidative stress-induced DNA lesions such as 8-
oxoguanine and SSBs can also trap TOP1 on DNA and pro-
duce irreversible TOPlcc [100,101]. In a seminal publication
in 2009, Yves Pommier’s group showed that ATM is activated
by, and important for the repair of TOPlcc-asociated DNA
damage [101]. In this study, treatment of rat cortical neurons
with camptothecin created DSBs when the transcriptional
machinery collided with TOPlcc, activating ATM that was
found to be necessary to signal and repair these transcriptionally
associated DSBs in post-mitotic neurons [101].

ATM functions beyond ‘just’ signalling TOPlcc-
associated DSBs, and there is strong evidence that it even
regulates TOP1 itself to promote resolution of transcription-
associated DNA damage and prevent genome instability.
Atm-null neurons have significantly higher levels of
TOP1cc-associated DNA damage, which is decreased by inhi-
biting transcription or in response to treatment with ROS
scavengers N-acetylcysteine and mannitol [102]. Katyal et al.
[100] have examined TOP1lcc-associated DNA damage in an
age-specific context in mice, and found that Afm-null mice
show high levels of TOPlcc at the peak of neurogenesis,
E12.5, which decrease as neurogenesis finishes at E18.5. How-
ever, mature Atm-null mouse cerebellar granule neurons
show further increased levels of TOPlcc-associated DNA
damage relative to wild-type cerebellar neurons, indicating
age-specific and brain region-specific roles for ATM signal-
ling. Katyal et al. [100] showed that ATM regulates TOP1
proteasomal turnover in a protein kinase-independent
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manner, while orchestrating a DDR response to repair these
TOP1cc through its kinase activity. Moreover, the phenotypic
similarity of A-T to that of spinocerebellar ataxia with axonal
neuropathy 1 (SCAN1), caused by a defect in TDP1, further
strengthens the idea that ATM plays a critical role in main-
taining genome stability by regulating TOP1 during
transcription. In the case of A-T, without ATM to regulate
TOP1 turnover and facilitate the signalling and repair of
TOPlcc, neuronal integrity would be compromised with
every transcriptional collision in mature neurons, and every
replicative and transcriptional collision in the developing
brain. It is also important to note that Purkinje neurons
express very high levels of TOP1 in both healthy and A-T
individuals [103]. This could also account for the anatomical
specificity of the neurodegenerative phenotype in A-T.

As discussed in §§1c and 3b, ATM is highly involved in
modulating ROS levels in cells to protect from oxidative
DNA damage [31,104]. In A-T, without ATM to suppress
chemical modification of DNA by ROS, this oxidative
damage would exacerbate TOP1cc levels as neurodevelopment
and neuronal maintenance requires high levels of DNA replica-
tion and transcription. If cerebellar neurons are particularly
rich in TOP1cc and in oxidative stress then ATM-deficient cer-
ebellar neurons, unable to modulate ROS levels and repair
TOP1lcc, would incur extensive DNA damage and undergo
cell death. As discussed in §2d, ATM inhibits RNA Pol I [67]
and, without ATM inhibition of transcription in response to
DNA damage, these transcriptional collisions between RNA
polymerases and TOPlcec would be far more common, com-
promising genomic stability further. Thus, a model whereby
ATM deficiency sensitizes neurons to oxidative DNA
damage, which accumulates over time and exacerbates
TOP1cc-associated DNA damage, may underlie the profound
progressive neurodegeneration seen in A-T.

In addition to TOP1cc-associated DNA damage, transcrip-
tion-associated DSBs occur spontaneously in specific genes in
neural stem and progenitor cells. The recent development of
novel high-throughput genome-wide translocation sequen-
cing has allowed the identification of DSBs clustered around
transcriptional start sites of highly expressed genes, which
are prone to translocate and cause large-scale genomic
rearrangements [105,106]. Such DSBs and translocation
events occur preferentially in long, actively transcribed genes
related to neural function and integrity, and are exacerbated
in repair-compromised backgrounds such as ATM-null mice
[105,106]. These DSBs are likely the result of a combination of
factors: without ATM to regulate TOP1cc levels, transcription
and replication (in proliferating neural stem and progenitor
cells) machinery probably collides with these covalently
linked complexes to form DSBs and SSBs in close proximity.
Without ATM to modulate ROS levels in the cell, enhanced oxi-
dative stress would also likely contribute to these DSBs.
Ultimately, without ATM to facilitate the signalling and
repair of the DSBs, translocations and genome instability will
occur, which could result in neuronal death. Additionally,
ATM-deficient neural stem and progenitor cells with genomic
rearrangements can evade apoptosis, likely resulting in neuro-
degeneration in later years as genomic damage increases due to
ROS levels and transcriptional stress.

In a similar role to its involvement in the clearance of
TOP1cc, ATM is also required for the repair of topoisomerase
2B (TOP2B)-blocked DSBs. These lesions also come about
when adjacent DNA lesions produced by IR or ROS trap

TOP2B on DNA, creating a TOP2B cleavage complex,
which is a DSB covalently linked to TOP2B. In a series of
experiments using double Tdp2 and Atm knockout mouse
embryonic fibroblasts (MEFs), the Cortés-Ledesma group
have shown these cells to be exquisitely sensitive to the
TOP2 poison etoposide, and to have high levels of genome
instability relative to wild-type MEFs after etoposide treat-
ment [107]. Interestingly, this role of ATM in repairing
these TOP2Bcc is independent of chromatin context.
Emerging evidence suggests a physiological role for
TOP2B-mediated DSBs, particularly in neurodevelopment.
Neuronal activation has been shown to create DSBs both in
vitro and in vivo [108]. Exploration of a novel environment
or optogenetic stimulation results in increased DSBs in the
mouse hippocampus, indicating a role for neuronal DSBs in
learning and memory [108]. Indeed, these DSBs may be the
result of topoisomerase 2 (TOP2B) [109]. The Tsai group
showed that, in response to neuronal activation, TOP2B
creates DSBs near promoters of early neural response genes
such as Fos, Npas4 and Egrl, facilitating RNA Pol II access
to early neural response gene promoters normally con-
strained by topological organization within chromatin [109].
These early transcription events then go on to activate
genes involved in synapse development and modulation,
and neurite outgrowth. Thus, the DSBs play a critical role
in activity-dependent changes in neuronal circuitry but still
require ATM to facilitate proper signalling and repair to
prevent large-scale neuronal genomic rearrangements and
apoptosis. Thus, without ATM, these TOP2B-induced ‘phys-
iological’ DSBs may become pathogenic. It is important to
note that the early postnatal period leading up to the onset
of the neurological symptoms of A-T is marked by an
immense amount of neuronal arbourization, synaptogenesis,
activity-dependent synaptic strengthening and synaptic
pruning [110]. Therefore, the role for these physiological
DSBs is much larger than in an adult brain. It is possible
that without ATM to facilitate signalling and repair, this
DNA damage persists and accumulates, and contributes to
the neurological decline that begins in A-T late childhood.

(d) Neuron-specific roles for ataxia-telangiectasia
mutated in epigenetic modulation

There is increasing evidence that ATM also regulates neuron-
specific epigenetic changes. Recently, the Herrup group has
identified novel epigenetic roles for ATM that may, in part,
explain the cerebellar specificity for the neurodegeneration
in A-T. The class IIA histone deacetylase HDAC4 is highly
expressed in the brain and in cerebellar Purkinje neurons in
particular [111]. HDAC4-null mice show progressive post-
natal loss of Purkinje cells and concomitant cerebellar
atrophy, which can be rescued by HDAC4 add-back [112].
Physiologically, HDAC4 remains in the cytoplasm of Purkinje
neurons in a phosphorylation-dependent manner. In A-T cer-
ebellar neurons, however, HDAC4 relocalizes to the neuronal
nucleus, where it is free to suppress MEF2 and CREB-depen-
dent transcription of genes important in neuronal function
(such as Egr3, Fos and Nrxn1/3), and directly deacetylate his-
tones to further repress transcription of genes important in
neuronal function and synaptic maintenance (Nrxn1/3, Bdnf,
Grin2a) [111]. Nuclear relocalization of HDAC4 in A-T facili-
tates neuronal death and aberrant cell cycle re-entry, which
can be reversed by the addition of a cytoplasmic-specific
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mutant of HDAC4. In Atm ™/~ mice, a cytoplasmic HDAC4
mutant can correct the subtle cerebellar and behavioural
symptoms present. The aberrant HDAC4 localization in A-T
is produced by an overactive PP2A phosphatase activity
that dephosphorylates HDAC4 promoting nuclear relocaliza-
tion; phosphomimetic HDAC4 mutants restore cytoplasmic
HDAC4 levels and rescue behavioural and cellular defects
in Atm™'~ mice [111].

On a similar note, the Herrup group went on to show that
the EZH2 histone methyltransferase is an ATM substrate, and
that EZH2 hyperactivity contributes to the anatomical speci-
ficity of A-T neurodegeneration. EZH2 is a component of the
multi-subunit polycomb repressive complex 2 (PRC2), which
represses transcription via increasing H3**”™** [113]. Cerebel-
lar granule and Purkinje neurons from A-T patients and
Atm™'~ mice display aberrantly high H3*?"™* and, indeed,
high levels of EZH2 with enhanced H3K27 binding [113].
ATM phosphorylation of EZH2 blocks its assembly into
PRC2, and indirectly promotes its degradation [113]. As
with HDAC4, the gene targets of aberrant EZH2 activity
(i.e. downregulated transcription in A-T) include genes criti-
cal for neuronal function and synaptic development such as
Slitl and Nignl, as well as cell cycle genes of the CDKN2A/
B locus [113]. Also similar to HDAC4, EZH2 gene targets in
A-T are not only significantly over-expressed, but shifted
with only a 5% overlap between Atm wild-type and
Atm™'~ genotypes [113]. Notably, HDAC4 and EZH2 gene
targets increase in A-T from 2% to 5% overlap, encompassing
neuronal and synaptic maintenance and integrity genes
[111,113]. Knocking down EZH2 in cerebellar A-T neurons
prevents death, improves
dendritic arbourization in cerebellar neurons, prevents neuro-
degeneration and corrects behavioural abnormalities in
Atm™'~ mice [113]. Importantly, knocking down high
EZH2 levels in cerebellar A-T neurons also prevents re-
entry of cells into the cell cycle, a common occurrence with

etoposide-induced neuronal

post-mitotic neurons after DNA damage without functional
ATM that rapidly leads to cell death [114].

ATM is also essential for modulating HDAC1 activity
during the DDR. More specifically, ATM signalling triggers
the recruitment of the SIRT1 NAD"-dependent lysine deacet-
ylase to DSBs, which, in turn, recruits and activates more
ATM in a feedback loop [115]. SIRT1 then deacetylates
HDAC1, promoting an HDAC activity required for NHE]
[115]. DNA damage enhances the SIRT1 and HDACI associ-
ation and, without ATM, SIRT1 is recruited to DSBs with
slower kinetics and fails to deacetylate HDAC1 [115].
Increased SIRT1 activity (via NAD" supplementation or
SIRT1 activators) ameliorates canonical A-T phenotypes in
mice, Caenorhabditis elegans and neurons [116]. The Bohr
group [116] has demonstrated that SIRT1 activity and intra-
cellular NAD" stores are significantly reduced in the
absence of ATM. The group also tied aberrant SIRT1 and
NAD™ levels to mitochondrial dysfunction. Mitochondrial
dysfunction has been reported in A-T before, indicated by
reduced mitochondrial membrane polarization [117,118],
increased ROS levels [85,118] and increased mitochondrial
DNA damage [116,119]. Restoring SIRT1 activity and
NAD™ levels corrects mitochondrial dysfunction, decreases
Purkinje cell death and cerebellar atrophy, increases CREB
signalling and BDNF levels, improves NHE] efficiency and
increases lifespan in mouse models of A-T [116]. Tradition-
ally, Atm™/~ mice do not display gross cerebellar atrophy

and overt motor defects. However, more recent analyses
such as the one done by the Bohr group shows that,
indeed, these mice do display canonical A-T phenotypes.
These mice display subtle motor defects evident in more rig-
orous rotarod tests, and subtle cognitive deficits as well.
These mice also exhibit Purkinje cell death as they age, and
mild cerebellar atrophy. These phenotypes become particular
prominent the longer these mice live, and supplementing
NAD™ or restoring SIRT1 promotes the extended lifespans
in the mice helpful in detecting these phenotypes. Along a
similar line, ATM has also been shown to regulate DNA
ligase III levels in mitochondria, facilitating mitochondrial
DNA repair [119]. In its absence, ligase III levels are reduced
and mitochondrial DNA damage is increased, which,
together with decreased SIRT1 and NAD" levels, may under-
pin mitochondrial dysfunction in A-T.

Altered DNA methylation may also pre-dispose cerebellar
neurons to degeneration in A-T. Mouse model A-T Purkinje
cells have aberrantly low 5-hydroxymethylcytosine (5-hmC),
an epigenetic mark catalysed by ten-eleven translocation
(TET) proteins that facilitates differential transcriptional regu-
lation in a cell type-specific manner within the brain
[120,121]. TET1 is a DNA damage-sensitive ATM substrate
and, without ATM, TET1 activity is reduced, particularly
after DNA damage [120]. TET1 knockdown can recapitulate
A-T phenotypes of Purkinje cell cycle re-entry and death in
vitro and in vivo, and TET1 overexpression in the cerebellum
can rescue these, as well as behavioural deficits, in vitro and
in vivo [120]. Finally, the 5-hmC enrichment sites in mouse
models of A-T are shifted in the cerebellum, and are particu-
larly enriched in regulatory elements in cerebellar
development genes [120]. This is particularly salient, given
the recent findings by the Hatten group that chromatin remo-
delling and epigenetic signalling are particularly important
in cerebellar development. The Hatten group recently
showed that the Tet genes, among many other chromatin remo-
delling and epigenetic signalling factors, undergo a marked
increase in expression during cerebellar granule cell develop-
ment [121]. This corresponds to an increase in 5-hmC levels
in cerebellar neurons, and an increase in the expression of
axon guidance and ion channel genes [121]. Knockdown of
TET1 by RNA interference abrogated granule cell arbouriza-
tion and circuit formation in the cerebellum [121]. Hence,
there is a clear need for TET-mediated epigenetic signalling
in the developing cerebellum which is ATM-related and par-
ticularly critical after DNA damage.

(e) A word on ataxia-telangiectasia mutated in

neurodevelopment
It is worth noting that ATM plays an important role during
neurodevelopment in activating DNA damage checkpoints
and apoptosis to eliminate neural precursors and neural
cells with damaged DNA [75]. This way, ATM helps to
ensure the long-term viability of neural cells early in neuro-
development, and is particularly critical as neural stem cells
and progenitors are undergoing rapid proliferation and repli-
cation stress-induced DNA damage is high [75]. While much
of neurodevelopment takes place embryonically, a significant
portion also takes place postnatally. Glial proliferation,
migration and differentiation occur in early postnatal years,
as does development. Indeed,

cerebellar cerebellar
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development is a protracted process, and continues well past
the first postnatal year in humans [122].

The cerebellum contains 70—-80% of neurons that make up
the human brain, and is also rich in astrocyte variants such as
Bergmann glia, and other glial cells that have tightly regulated
functional associations with the granule and Purkinje neurons
[123,124]. Granule cells make up the vast majority of the cerebel-
lum and, remarkably, 85% of these neurons are generated in the
first postnatal year, along with a large number of Purkinje neur-
ons and glial cells [122]. This rapid proliferation of granule cells
peaks around postnatal month 8 in the external granule cell layer
of the developing cortex, and these post-mitotic cells migrate
inwards to the internal layer where they mature to form
synapses [125]. No other part of the brain has as many cells
that are generated as rapidly postnatally as the cerebellum
and, crucially, large-scale chromatin changes are necessary for
this rapid postnatal cerebellar development [125]. By tracking
chromatin state and gene expression in mouse cerebella up to
postnatal day 60, the West group showed that massive changes
to chromatin accessibility facilitated the transcription of neur-
onal gene expression during granule cell proliferation, which
peaks at postnatal day 4.5 in mice, as well as in the post-mitotic
phase of cerebellum development [125]. These chromatin
dynamics continued to postnatal day 60, late in mouse
maturation and roughly equivalent to early adulthood in
humans [125].

Given the importance of ATM to the long-term viability of
neuronal cells during development, and its prominent role in
chromatin remodelling, ATM deficiency could predispose cer-
ebellar cells to degeneration soon after they are generated in
the early postnatal period. In addition to the role that ATM
plays in repairing TOP1ccin the cerebellum and regulating neur-
onal gene expression through epigenetic modulation, it is
possible that the temporal specificity of A-T may be due to the
timeline of cerebellar development and maturation. Ataxia
symptoms that appear in childhood roughly correspond to the
cerebellar degeneration that would occur due to abnormal
development and degeneration hastened by neural cells with
unrepaired DNA damage from early in development, as well
as ongoing DNA damage by transcriptional processes and ROS.

4. Conclusion

As ATM was identified in the early 1990s as a protein kinase
targeting p53, the network of proteins that ATM phosphory-
lates has expanded to hundreds, spanning a multitude of
pathways beyond the DDR. Unsurprisingly, ATM’s roles
and targets within the DDR are among its most well charac-
terized, among which YH2AX is now widely used as an

References

indirect readout of DSB repair. It is interesting that this clas-
sical target of ATM has additional ATM-dependent
complexity in its regulation. Apart from yH2AX, the ATM-
dependent signal transduction cascade continues to grow in
intricacy and complexity, with new effector proteins still
being identified, such as RIF1, PTIP and, more recently,
SCAI While the ATM :KAP-1:CHD3.1 axis has been well
characterized as integral to heterochromatic DSB repair, this
work was followed by many additional novel avenues to
investigate chromatin remodelling events, most recently in
transcriptionally active chromatin.

In contrast with the DDR, the role of ATM in regulating
oxidative stress is more mysterious. An ever-increasing
body of evidence implicates it as an important regulator of
the oxidative stress response, directing a signalling network
that has yet to be fully elucidated. How this network
responds to ROS, overlaps with or diverges from the DDR
will be interesting, and challenging, to disentangle. The clear-
est indication of ATM function in response to oxidative stress
lies in the neurodegenerative phenotype associated with A-T,
as we have discussed in detail. Indeed, the CNS is subject to
higher levels of oxidative stress than many other tissues
within the human body and, without ATM, cells fare much
worse under oxidative stress. In addition to this, the height-
ened transcriptional demand in neurons, and the novel
roles for ATM in responding to transcriptionally associated
DNA damage, may predispose neurons to degeneration.
Finally, while there has been recent excitement over how
ATM mutation might specifically affect neurons of the cer-
ebellum, there is an underappreciated role for ATM in the
development and maintenance of glial cells. Glial cells
make up more of the brain than neurons, and are more
dynamic than we have ever thought in terms of their inter-
actions with other glial cells and also neurons. In particular,
emerging neuroimaging which points to white matter
abnormalities in A-T patients is a promising foray into the
role of ATM in the glial cell. A greater understanding of
ATM'’s role will probably lead to innovative measures to
treat A-T, which may be applicable to other DDR-associated
and/or chromatin remodelling diseases.
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