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The ATR (ATM (ataxia telangiectasia mutated) and rad3-
related) checkpoint kinase is considered critical for signal-
ling DNA replication stress and its dysfunction can lead to
the neurodevelopmental disorder, ATR-Seckel syndrome.
To understand how ATR functions during neurogenesis,
we conditionally deleted Atr broadly throughout the mur-
ine nervous system, or in a restricted manner in the dorsal
telencephalon. Unexpectedly, in both scenarios, Atr loss
impacted neurogenesis relatively late during neural devel-
opment involving only certain progenitor populations.
Whereas the Atr-deficient embryonic cerebellar external
germinal layer underwent p53- (and p16™***4™)_indepen-
dent proliferation arrest, other brain regions suffered
apoptosis that was partially p53 dependent. In contrast
to other organs, in the nervous system, p53 loss did not
worsen the outcome of Atr inactivation. Coincident inacti-
vation of Atm also did not affect the phenotype after Atr
deletion, supporting non-overlapping physiological roles
for these related DNA damage-response Kkinases in the
brain. Rather than an essential general role in preventing
replication stress, our data indicate that ATR functions to
monitor genomic integrity in a selective spatiotemporal
manner during neurogenesis.
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Introduction

Maintenance of DNA integrity during development is
achieved by signalling pathways that respond to DNA da-
mage to pause cell proliferation and allow DNA repair, or
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alternatively, activate apoptosis and eliminate cells to avoid
the potential acquisition of mutations (Jackson and Bartek,
2009). Many human DNA repair-deficiency syndromes are
characterized by pronounced congenital neuropathology,
including neurodevelopmental disease that result from faulty
signalling associated with replication stress (McKinnon, 2009).
During neurogenesis, the rapid expansion of neural tissue
makes replication-associated DNA damage a particular pro-
blem, which is circumvented by signalling pathways that
efficiently respond to replication-associated DNA damage
(Branzei and Foiani, 2010; Lopez-Contreras and Fernandez-
Capetillo, 2010).

ATR (ataxia telangiectasia and rad3-related) is an essential
protein kinase that prevents DNA damage accumulation
during replication, and mutation of this kinase can result in
the developmental disorder, ATR-Seckel syndrome (O’Driscoll
et al, 2003). ATR is critical during S-phase and responds to
stalled replication forks by activation of cell-cycle arrest via
phosphorylation of Chkl and the modulation of fork repair
factors (Liu et al, 2000; Zhao and Piwnica-Worms, 2001;
Rouse, 2004; Ohouo et al, 2010; Nam and Cortez, 2011).
This kinase also broadly responds to ancillary DNA damage
that can perturb replication such as UV-induced pyrimidine
dimers or base adducts (Cimprich and Cortez, 2008; Shiotani
and Zou, 2009a). ATR is specifically activated by replication
protein A (RPA)-coated stretches of single-strand DNA
(ssDNA) that accumulate at stalled replication forks or during
homologous recombination repair (Zou and Elledge, 2003;
Cimprich and Cortez, 2008; Shiotani and Zou, 2009a). The
ATR-interacting protein (ATRIP) is an essential co-factor for
ATR activity and is required for directly targeting ATR to RPA-
coated ssDNA (Cortez et al, 2001; Zou and Elledge, 2003; Xu
et al, 2008). ATR signalling further depends on the RAD9-
RAD1-HUS1 (9-1-1) complex that recognizes a DNA end
adjacent to RPA-bound ssDNA that facilitates localization of
the ATR activator, TopBP1 to the ATR/ATRIP complex
(Kumagai et al, 2006; Delacroix et al, 2007; Lee et al, 2007;
Sohn and Cho, 2009). TopBP1 is critical for ATR activation,
and the ability of ATRIP to directly bind TopBP1 likely
facilitates this process (Kumagai et al, 2006; Mordes et al,
2008). Additionally, the chromatin-associated factor Claspin
also associates with ATR in a damage-dependent manner and
is required for the activation and checkpoint function of ATR
(Chini and Chen, 2003; Kumagai and Dunphy, 2003; Lee et al,
2003; Sar et al, 2004). Finally, many additional ATR protein
substrates have been identified, although the link to ATR
function in most cases is unclear (Matsuoka et al, 2007).

An ATR-related DNA damage-activated kinase, ATM (atax-
ia telangiectasia mutated) is also critical for the DNA damage
response (DDR) and its inactivation leads to the neurodegen-
erative disease, ataxia telangiectasia (Chun and Gatti, 2004;
Shiloh, 2006; Lavin, 2008; McKinnon, 2012). In contrast to
ATR, ATM is activated via the MRN (Mrell/Rad50/Nbs1)
complex, which functions as a DNA damage sensor to detect
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and tether DNA double-strand breaks (Hopfner et al, 2002;
Stracker et al, 2004; Moreno-Herrero et al, 2005). ATM and
ATR can phosphorylate many of the same substrates in
response to DNA damage (Matsuoka et al, 2007). In part,
this may reflect that sequential processing of DNA damage
during repair can generate intermediates that activate either
kinase (Cimprich and Cortez, 2008; Tomimatsu et al, 2009;
Shiotani and Zou, 2009b). However, the interrelationship
between ATM and ATR during the DDR is not entirely clear.
Increasingly, evidence for a direct cooperation between these
kinases suggests that modulation of ATR function can occur
directly or indirectly by ATM kinase activity (Jazayeri et al,
2006; Cuadrado et al, 2006b; Yoo et al, 2007, 2009; Limbo
et al, 2011).

While cellular studies have been instrumental in determin-
ing the biochemistry of the DDR and checkpoint integration, a
challenge remains in understanding these responses in a
physiological context. ATR has been shown to prevent repli-
cative stress in utero, which results in perturbation of tissue
homeostasis or regeneration, and it is also required for adult
hippocampal neurogenesis (de Klein et al, 2000; Ruzankina
et al, 2007, 2009; Murga et al, 2009; Onksen et al, 2011).
Further, recent studies indicate that p53 loss substantially
exacerbated these phenotypes following Atr disruption
(Murga et al, 2009; Ruzankina et al, 2009). Here, we have
addressed the specific role of Atr within the nervous system
and found that rather than a broad requirement during
neurogenesis, Atr is important for maintaining select neural
progenitor cells. Moreover, while Atr dysfunction resulted in
perturbed neurogenesis and growth defects, this was inde-
pendent of p53 or Atm signalling. Our data uncover novel
ATR-dependent strategies that maintain genome integrity
during development.

Results

Atr loss results in growth defects and cerebellar
dysgenesis
ATR is a key signal transducer of replication stress, and while
it is critical for normal cell-cycle progression in vitro, its
specific physiological functions are less clear. Therefore, we
determined the requirement for ATR during neurogenesis
using Nestin-cre to inactivate mouse Atr throughout the
nervous system. In contrast to germline inactivation that
results in lethality around E6.5 (Brown and Baltimore,
2000; de Klein et al, 2000), Atr=ox/LoxP. Nestin-cre (hereafter,
AtrNe) mice were viable but showed growth retardation,
reduced brain and body size and marked defects in cerebellar
development (Figure 1A; Supplementary Figure S1) and died
around postnatal day 7 (P7). Nestin-cre drives gene deletion
throughout the nervous system beginning at embryonic day
10.5 (E10.5) and highly efficient Atr deletion and protein loss
occurred in the AtV brain (Figure 1B and C).
Histological analysis of At"*“° mice revealed many
abnormalities including decreased cellularity in the cerebral
cortex (CTX) and the corpus callosum (CC), and in the olfactory
bulb the granule cell layer was depleted (Figure 1D). The severe
effects in the Atr™*“™ cerebellum are due to granule neuron loss
leading to defective foliation and mislocalization of calbindin-
positive Purkinje cells (Figure 1A and E). To account for these
phenotypes, we determined the developmental impact of Atr
loss during neurogenesis.
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DNA damage is restricted to specific At
progenitor cell populations

Given the role of ATR in preventing replication-associated
DNA damage, we surveyed the Atr"*“" embryonic central
nervous system for DNA damage using YH2AX immunostain-
ing. Coincident with defective cerebellar development, we
found yH2AX immunoreactivity in the At"®" cerebellar
external granule layer (EGL) from E15.5 (Figure 2A). YH2AX-
positive cells were localized to the proliferative EGL and
rhombic lip (RL), while other regions of the Atr**“"® em-
bryonic cerebellum such as the ventricular zone (VZ) showed
few cells marked by DNA damage, despite being a site of
abundant proliferation (Supplementary Figure S2). Although
apoptosis was not elevated at E15.5, by E16.5 the EGL
contained occasional apoptotic cells as determined using
TUNEL labelling (Figure 2B). The TUNEL staining coincided
with phosphorylated p53ser18 (Figure 2B), which is charac-
teristic of DNA damage in this tissue (Lee and McKinnon,
2007).

In contrast to the cerebellum, the ganglionic eminence
(GE), a structure responsible for generating a diversity of
cortical cell types (Lavdas et al, 1999; Corbin et al, 2001;
Molyneaux et al, 2007; Rudy et al, 2011), exhibited high levels
of DNA damage (yH2AX immunostaining) at E15.5 after Atr
loss. Further, abundant apoptosis, as determined by active
caspase-3 and TUNEL staining, was also present in the
AN GE (Figure 2C), but not elsewhere through the fore-
brain or hindbrain (Figure 2D). However, apart from the GE
and EGL, minimal yH2AX immunostaining or cell death was
observed elsewhere in the nervous system at this develop-
mental stage. Therefore, through mid-gestation, Atr is essential
in a restricted spatiotemporal manner for neural development.

Atr loss leads to proliferation defects in cerebellar EGL
progenitors

While apoptosis was robust in the GE at E15.5, the overall
levels of cell death observed in the embryonic cerebellum
were relatively low and appeared insufficient to account for
the pronounced developmental defects in the At cere-
bellum (Figure 1A and E). We therefore determined if cell-
cycle arrest, an alternate outcome to apoptosis after DNA
damage, contributed to perturbed cerebellar development
in At mice. We found normal indices of proliferation
throughout the cerebellum at E15.5 using PCNA and BrdU (5-
bromo-2’-deoxyuridine) immunolabelling at E15.5 (Figure 3A).
However, by E16.5, there was a striking defect in the pro-
liferating EGL (Figure 3). We found an 80% reduction in
proliferation within the AtrN“™ cerebellar EGL and RL com-
pared with control tissue as determined using PCNA or BrdU
immunolabelling (Figure 3C). This proliferation defect in the
EGL and the consequent failure to generate granule neuron
progenitors (GNPs) is consistent with the cerebellar dysgenesis
observed postnatally (Figure 3D). In comparison to prolifera-
tion defects, we found little apoptosis in the mutant embryo-
nic cerebellum between E15.5-17.5.

In striking contrast to the EGL, the VZ of the AN
cerebellum, which produces multiple cerebellar cell types
including interneurons and Purkinje cells, showed normal
proliferation compared with controls at E17.5 (Figure 3C). We
also used SOX2 immunolabelling to further confirm that the
effect of Atr loss was confined to the EGL. SOX2 is a transcrip-
tion factor required for maintenance of neural stem/progenitor
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Figure 1 Atr loss leads to defective neurogenesis. (A) Atr loss results in microcephaly and defective cerebellar development. Haematoxylin
and eosin staining of Atr®", AtrNe"® brain sections at P6 reveals a dramatic reduction of the mutant cerebellum compared with WT, indicating
that the cerebellum is markedly affected compared with other brain regions (mag. x2.5). Ce, cerebellum. (B) Atr gene deletion occurs
efficiently by E13.5 as determined using real-time PCR. (C) Atr protein is disrupted in P5 cerebellum and cortex; Nbs1 is shown as a control for
protein blotting. (D) Cellularity of the AtrN*"“ brain is reduced, with cortical layer thinning and loss of CC cellularity (enlarged boxed region);
shown using Nissl staining of the cortex and olfactory bulb, respectively. (E) Disruption of the Purkinje cell layer in the Atr<*“® cerebellum is
indicated using calbindin immunostaining. PC, Purkinje cells; EGL, external granular layer; IGL, inner granule layer; IPL, internal plexiform
layer; GCL, granule cell layer; MCL, mitral cell layer.

cells, and in the cerebellum it is expressed exclusively in the give rise to the cortex and facilitates gene inactivation around
RL and VZ (Zappone et al, 2000; Suh et al, 2007). The total one day earlier than Nestin-cre-mediated deletion occurs in
number of SOX2-positive cells in the AtrNe™ cerebellar VZ these cells (Chou et al, 2009).
was similar between control and A#"*® tissue at E16.5 We generated Atr"™ 1™ mice and found only a moderate
(Supplementary Figure S3). These data highlight the essential perturbation of cortical development, despite effective inacti-
selective requirement for ATR during proliferation of the vation of Atr (Figure 4A and C). However, the hippocampal
GNPs. formation, which derives from Emx1-progenitors, was clearly
affected and showed reduced cellularity, indicating efficient
Atr inactivation in the dorsal telencephalon leads Emx1-cre-mediated Atr deletion (Figure 4A). This contrasts
to moderate cortical hypoplasia the situation when the ATR activator, TopBP1, is deleted via
Although the cerebellum and GE were markedly affected in a similar strategy as extensive cortical ablation occurs in
Atr™V®e" animals, the effect of Atr inactivation towards neural TopBP1™*1“"® mice, indicating that TopBP1 is essential in
development elsewhere was surprisingly mild. In fact, it was Emx1-progenitors (Figure 4B). These data indicate that Atr
notable that Atr was relatively dispensable through mid- function is dispensable for cortical progenitor proliferation.
gestational development. We therefore considered if the tim- Although overall cortical development occurred in the
ing of Atr deletion influences the phenotype, such that early Atr®™ 1 hrain, there was nonetheless an obvious reduction
progenitors might manifest a greater effect of Atr loss. To in cortical size (Figure 4A and E). This resulted from apop-
address this, we used EmxI-cre to direct Atr deletion in the tosis, as analysis showed widespread areas of the neopallium
early dorsal telencephalic progenitors in the neopallial cortex was YH2AX and TUNEL positive with an associated reduction
(Gorski et al, 2002). This approach targets progenitors that in proliferation as determined using BrdU and phospho-H3
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Figure 2 Atr deficiency leads to DNA damage accumulation and increased apoptosis in neural progenitors. (A) Loss of Atr leads to increased
DNA damage at E15.5 indicated by H2AX phosphorylation (yH2AX). Tujl immunostaining identifies immature cerebellar neurons. Arrows
indicate yH2AX signal. (B) p53 protein and apoptosis (arrows) are increased in the E16.5 Atr"*“® EGL. (C) The At medial GE at E15.5
shows increased DNA damage (YH2AX), caspase-3 activation and apoptosis (TUNEL staining). (D) Quantification of apoptotic cells in various
At™e" brain regions shows that the GE is markedly affected by Atr loss.
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Figure 3 Granule neuron precursor proliferation is decreased in the AtrN**“™ cerebellum. (A) At E15.5, the numbers of PCNA and BrdU
positive proliferating precursors are similar in all cerebellar germinal zones; the VZ, the RL and the EGL. (B) In comparison, there is a marked
reduction of PCNA-positive precursors from E16.5 to E17.5. (C) At E17.5, quantitative analysis shows the reduction in proliferation in the
At™Vese¢ EGL and RL, but not in the VZ. (D) The postnatal Atr’¥*“™ cerebellum (indicated by arrow) lacks an EGL with granule neuron
precursors that results in an unordered Purkinje cell layer. Purkinje cells are identified using calbindin immunostaining.

immunostaining (Figure 4D). To more carefully judge the layers IV-II (Figure 4E). For example, there was a paucity
overall impact of Atr loss on cortical development, we assessed of cells revealed by Cux1l immunostaining in upper layers II-
cortical layer organization. Although all layers were readily II of the Atr®™ 1™ cortex. Cells immunostaining for Ctip2,
identifiable by layer-specific immunostaining, we found which mark layer V, were also reduced. There was also less
reduced cellularity and less demarcation, particularly in layer definition indicated by diffuse Foxpl and Tbrl staining,

1180 The EMBO Journal VOL 31| NO 5 | 2012 ©2012 European Molecular Biology Organization
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Figure 4 Effect of Atr loss in the dorsal telencephalon. (A) Inactivation of Atr in the dorsal telencephalic progenitors in Atr™™!“™ mice shows a
modest effect towards cortical development, while there is a pronounced loss of hippocampal cellularity (arrows). Ce, cerebellum; DG, dentate
gyrus. (B) Extensive cortical ablation is observed in TopBPI*™1“"® mice. (C) Western blot analysis shows that Atr is effectively inactivated in
both Nestin-cre and Emx1-cre cortex at E14.5, as is TopBP1 in TopBPI™**“" tissue. Atm, Nbsl and Ponceau are controls for protein loading.
(D) DNA damage-associated apoptosis occurs from E15.5 in the developing Atr®™**™ neocortex. Quantitative presentation of numbers of
TUNEL, BrdU and H3pS10-positive cells in control and Atr*™1" are shown. *indicates P<0.05. (E) Cortical lamination is present in Atr=m~1<
mice as indicated using multiple cortical markers: Satb2, Cux1l and Brn2 mark layers II-IV, Tbrl and Foxp2 mark layers VI-V, Ctip2 marks
layers V-IV and Foxpl identifies V-III. (F) The Atr®™*“" hippocampus shows an absence of the Tbr2 marker. All scale bars are ~300pum

(A-E) and ~1.2 mm (F). Panels in (D-F) were counterstained with DAPI (blue) or PI (red).

which may reflect developmental abnormalities in the corti-
cothalamic and corticocortical projection neurons of layers
VI-III (Molyneaux et al, 2007; Hisaoka et al, 2010).
Hippocampal development was also disrupted as indicated
by a lack of Tbr2 staining (Figure 4F). This contrasts the
situation in the At brain, where ordered cortical develop-
ment is present, although also with reduced upper layer cellu-
larity as revealed by Cuxl immunostaining (Supplementary
Figure S4). Because the upper layer neurons develop later
than the lower layers but from the same neuroepithelial pro-
genitors, Atr appears critical for ensuring long-term genome
integrity in these progenitors.

Another Atrf™I¢" region that was strongly affected was
the CC, which was markedly reduced in size and cellularity,
as is the situation in ATR-Seckel syndrome (Supplementary

©2012 European Molecular Biology Organization

Figure S5). Conspicuously, we failed to find DNA damage
(YH2AX immunostaining) or gliosis (GFAP staining) postna-
tally, indicating that Atr loss while affecting cortical develop-
ment did not result in persistent DNA damage or marked
perturbation of neural homeostasis (data not shown).

Atr is dispensable for the DNA double-strand break
damage response

To determine how Atr loss affects neural development, we
used an in vitro approach to interrogate Atr function in primary
neural cultures. We initially established primary Atr’¥es<®
cortical astrocyte cultures, but found that these incurred high
levels of DNA damage associated with an inability to prolif-
erate (Figure 5A). We also generated AtV neurospheres
and found a striking reduction in both the number of neurospheres

The EMBO Journal VOL 31 |NO 512012 1181
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Figure 5 Radiation-induced DNA damage signalling after Atr loss. (A) Primary Atr’¥**“"*;p537/~ astrocyte cultures accumulated DNA damage
(YH2AX; arrows) and failed to proliferate. GFAP is glial fibrillary protein and marks astrocytes. (B) AtrN*“™ neurospheres also fail to proliferate
and are smaller than controls (n=number of individual cultures). (C) 40HT was used to inactivate Atr in Atr“*™ mouse embryonic
fibroblasts. After IR, normal Chk2 activation and p53 phosphorylation occurred in Atr-depleted cells. However, phosphorylation of Chkl was
reduced in Atr-depleted cells after IR. Treatment with the ATM inhibitor, KU55933, indicates that the radiation-induced Chk2 shift is Atm
dependent. Hatched boxes indicate lanes in which Atr was deleted; Nbsl was used as a loading control and Ponceau staining shows equal
protein transfer.

that we could establish, and a reduced size because of low phosphorylation in Atr-deficient neurospheres. However, we
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numbers of cells present in individual neurospheres, again
reflecting a proliferation defect (Figure 5B).

To circumvent these issues, we established neurospheres
from Atr®™ animals in which Atr deletion could be
induced using 4-hydroxy-tamoxifen (40HT). Atr deletion
was efficient after 40OHT administration, and led to smaller
neurospheres with decreased proliferation (Supplementary
Figure S6A). We assessed the response of Atr“*™ neuro-
spheres after Atr deletion (4OHT treatment) and after exo-
genous DNA damage using IR. Chkl phosphorylation was
attenuated in Atr“®™ neurospheres, consistent with this
being a key Atr substrate (Figure 5C). High basal Chkl
phosphorylation was apparent without 40HT treatment, but
was reduced upon inactivation of Atr (Figure 5C, asterisks),
suggesting that neurosphere culture conditions promote
replication stress. Irradiation also failed to enhance Chkl

The EMBO Journal VOL 31 | NO 5] 2012

found normal Chk2 activation after radiation in the 40HT-
treated Atr“®™ neurospheres, indicating that the early
response to DNA DSBs was intact. The relative contribution
of Atm and DNA-PKcs during the DDR in Atr“®™ neuro-
spheres was evaluated through acute inhibition of ATM via
KU55933 or DNA-PKcs via NU7026. DNA damage-induced
Chk2 and p53 activation were attenuated in Atr“*™ neuro-
spheres treated with KU55933, indicating that Atm mediates a
DSB response independent of Atr (Figure 5C). In contrast,
DNA-PK¢s inhibition via NU7026 showed no apparent inhibi-
tion of the DDR (Supplementary Figure S6B). We also exam-
ined the DDR in vivo, in E16.5 Atr™*“™ embryos. Similar to Atr-
deleted neurospheres, we found that radiation-induced Chk2
activation and p53 signalling were normal in At pro-
genitors (Supplementary Figure S7). Thus, while Atr loss
leads to a pronounced effect upon cell proliferation, it does

©2012 European Molecular Biology Organization
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Figure 6 Neurodevelopmental abnormalities in At are not altered by p53 loss. (A) The AtrN*“%;p53~/~ cerebellum is similarly affected
to the Atr™**“"® brain, indicating that loss of p53 does not affect the cerebellar neurodevelopmental abnormalities. Purkinje cells are identified
using calbindin immunostaining. (B) While p53 loss fails to abrogate the Atr™¥**“™ phenotype, a portion of the apoptosis in the At GE is
p53 dependent. (C) Quantification of apoptosis in the AtV E15.5 forebrain shows apoptosis that is partly p53 dependent. (D) TUNEL
staining shows that apoptosis in the At cortex is reduced in Atr™®“"®;p53~~ tissue. (E) Neurosphere cultures established from E13.5
embryos of indicated genotypes. DIV, days in vitro. Arrows indicate Atr¥“™ and AtrN**“";p53~/~ neurospheres, n is the number of
independent neurosphere cultures. After continued passaging, viability was lost in all Atr-deficient neurospheres.

not appear to have a primary role in p53-dependent signalling
after DNA damage. Therefore, the sporadic apoptosis observed
in At™Ne 9 tissue likely results from replication-associated
damage activating a DSB response via Atm-p53 signalling.

S°"® mice does not

Defective neurogenesis in Atr'®
require p53

DNA damage often results in either p53-dependent cell-cycle
arrest or apoptosis, and both outcomes occur in the develop-
ing nervous system (Gao et al, 2000; Vousden and Lu, 2002;
Orii et al, 2006; Lee and McKinnon, 2007). However, recently
p53 loss was shown to exacerbate the effects of Atr deficiency
because this abrogated two separate replication checkpoints
(Murga et al, 2009; Ruzankina et al, 2009; Reaper et al, 2011).
We therefore determined if p53 is relevant in neural Atr
signalling by generating Atr¥“"®;p537~ mice.

Histological analysis of Atr"®“™;p53~/~ mice showed very
similar neuropathology to the At animals, indicating
that in contrast to other scenarios (Murga et al, 2009; Ruzankina
et al, 2009), p53 loss did not worsen the At phenotype
(Figure 6A; Supplementary Figure S8). This can be seen
by the similar cerebellar dysgenesis in the AtrN*“° and
AN n537/~ mice (Figure 6A). However, p53 loss resulted
in attenuation of apoptosis in Atr™N¢“¢;p53~/~ brains based
upon TUNEL labelling in the GE and the EGL (Figure 6B
and C). We also observed partial rescue of apoptosis in the
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AtrNe& e forebrain at later developmental stages (Figure 6B
and D). The increased apoptosis in the developing Atr™* <"
forebrain/cortex after E17.5 may result from accumulated
DNA damage in cortical progenitors, and would explain the
reduction of upper layer cortical neurons noted earlier
(Figure 4E). However, despite reduced apoptosis in
AtrNes¢:n53~/~ animals, only minimal amelioration of the
At neuropathology was observed (Figure 6A). These data
indicate that while p53 abrogates a portion of apoptosis result-
ing from Atr loss, it does not underpin the key features of the
At phenotype such as cell-cycle arrest in the cerebellum.

We further examined the relationship between Atr and p53
using neurosphere cultures. We found that while either WT or
p53~/~ neurospheres readily established and grew robustly in
culture, Atr-null cells failed to survive past 7 days in culture
(Figure 6E). Despite this, we were able to initially establish
cultures of At and AtrN®“*;p53~/~ neurospheres and
observed a substantial enhancement of neurosphere size and
growth in the AtrN®“";p537/~ cultures (Figure 6E, arrows).
However, after 7 days in culture Atr’¥*“"*;p53~~ neurosphere
expansion ceased and these cells failed to survive. These data
indicate that the loss of p53 partially alleviates the conse-
quences of Atr loss in neuroprogenitors, although these cells
ultimately fail to survive.

Because p53 loss failed to ameliorate the effects of Atr
inactivation, we also generated (Atr;Ink4a/Arf)N* " mice to
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determine the potential contribution of these cell-cycle reg-
ulators to the Atr™*“™ phenotype. The Ink4A/Arf locus can
be important for the maintenance of neural stem/progenitor
cells and can influence their proliferation (Molofsky et al,
2006). However, we failed to see any phenotypic rescue or
worsening of the At™**“® neural phenotype in Atr;(Ink4a/
Arf)Nes€® mice (Supplementary Figure S9). Thus, the pro-
nounced neural phenotype resulting from Atr loss is not depen-
dent upon signalling via either p53- or Ink4a/Arf-dependent
cell-cycle arrest.

Atr functions independently from Atm during nervous

system development

While loss of ATR or ATM leads to clinically distinct diseases
(McKinnon, 2009), recent data support a close interrelation-
ship between ATR and ATM in many settings, including
the modulation of ATR by ATM during replication stress
(Shechter et al, 2004; Jazayeri et al, 2006; Cuadrado et al,
2006a; Yoo et al, 2007; Shiotani and Zou, 2009b). Although
ATM and ATR respond to different types of DNA damage,
their many common substrates suggest potential overlapping
biological functions (Matsuoka et al, 2007), and the potential
compensatory function by one kinase in the absence of the
other. However, interactions between ATR and ATM have not
been fully explored physiologically, although germline inac-
tivation of Atm in the setting of the Atr”® Seckel syndrome
model resulted in synthetic lethality (Murga et al, 2009). This
outcome suggests critical functional redundancy between
these two kinases. Therefore, we examined if these kinases
cooperate in vivo in the developing nervous system.

We generated a conditional Atm allele that inactivated
Atm via disruption of the kinase domain (Supplementary
Figure S10). We found that embryonic inactivation of Atm by
Meox2-cre produced a phenotype typical of Atm ™/~ tissue
including the resistance of immature neural cells to DNA
damage (Supplementary Figure S10) (Herzog et al, 1998; Lee
et al, 2001). Therefore, using mice in which Atm and Atr were
both conditionally inactivated, we determined if Atm signal-
ling influenced the Atr™*"“™® phenotype. Mice lacking both
Atm and Atr were viable and born at the expected ratio, and
the gross appearance, weight and histological features of the
brains of these mice were similar to At mice (Figure 7A
and B). Calbindin immunostaining showed disruption of
Purkinje cell patterning associated with defective granule
cell genesis typical of AtV mice, which was unaffected
by concomitant Atm deficiency (Figure 7A).

We further determined the relative levels of apoptosis and
proliferation between AtrN&eAtm " and (Atr;Atm)Nes<re
animals at various embryonic stages. No histological differ-
ences were observed in the regions affected by Atr loss in the
embryonic cerebellum or other areas in the (Atr;Atm)Nes<re
nervous system, when compared with age-matched Atr™e<"e;
Atm®™ embryos (data not shown).

As Atm activates apoptosis after DNA damage in immature
postmitotic neurons (Herzog et al, 1998; Lee et al, 2001), we
used TUNEL labelling to determine if apoptosis in the Atr™e<®
GE and cerebellar EGL was Atm dependent and still occurred
in (Atr;Atm)N"“® tissue. We found that in both regions,
associated loss of Atm caused a significant decrease in the
number of apoptotic cells (Figure 7C and D), although a
fraction of these were dying via an Atm-independent manner.
We also compared phosphorylation of p53serl8 between
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AN A and  (Atr;Atm)Ne littermates and found
that p53ser18 in the EGL of AtV ®Atm®™ embryos was
abrogated by Atm deficiency (Figure 7E). This suggests that
the p53-positive cells observed in the embryonic EGL of
AtrNee mice reflect granule precursor cells that acquired
damage and initiate Atm-dependent apoptosis. Because co-
incident loss of Atm does not worsen the Atr"**“™ phenotype,
then the purported redundancy and direct functional coop-
eration between these kinases is equivocal, at least in the
context of DNA processing during neural development. We
also assessed the radiation response of the Atm and Atr
double mutants, and found that p53 phosphorylation and
TUNEL were Atm dependent and were not influenced by Atr
status (Supplementary Figure S11). Thus, Atr and Atm func-
tion independently in the developing nervous system most
likely in response to different DNA lesions, but may coop-
erate to ensure genomic stability.

Discussion

In this study, we investigated Atr function during mouse
nervous system development. Understanding Atr function
in this tissue is particularly relevant as human ATR-Seckel
syndrome results in a profound neuropathology, as do a
multitude of other human DNA repair deficiency diseases
(McKinnon, 2009). Our data showed (1) an unexpected
selectivity of ATR in monitoring certain progenitor popula-
tions during neurogenesis leading to a complex neural phe-
notype when its function is compromised, (2) that Atr- and
p53-signalling interface differently in neural tissue to other
organ systems and (3) that Atr and Atm fulfil different
physiologic functions. In combination, these data highlight
the tissue-specific roles for ATR in maintaining genome
integrity, and illuminate pathology relevant to understanding
ATR-Seckel syndrome.

We anticipated that neural Atr inactivation would broadly
and substantially impact neurogenesis because germline
deletion leads to a profound developmental defect (Brown
and Baltimore, 2000; de Klein et al, 2000). Instead, we found
that specific neural tissues such as the cerebellum and GE
were markedly affected by Atr loss. However, in these cases,
proliferation arrest underpins the Atr*"“" cerebellar pheno-
type while apoptosis occurs in the GE. Despite the different
outcomes in these tissues after Atr loss, one common feature
between these brain regions is their high relative proliferative
index and continual cycling that generates large cohorts of
progenitor cells. The rapid cycling of uncommitted progeni-
tors likely increases replicative DNA damage that requires
enhanced Atr-dependent genomic surveillance to ensure
genomic integrity in subsequent progenitors. The require-
ment for Atr in these progenitors may be more stringent
compared with the protracted cycles typical of differentiative
divisions (Calegari et al, 2005; Dehay and Kennedy, 2007).
This scenario is also consistent with the more severe cortical
defects found in Atr®™ ! compared with AtV In that
situation, EmxI-cre directs gene deletion to earlier progeni-
tors that will subsequently undergo more division cycles in
the absence of Atr than those from Atr™®™ These findings
imply that Atr is critical for the long-term maintenance of
rapidly proliferating progenitors, rather than individual cell
cycles.
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The cerebellum was particularly affected by Atr loss.
Initially, the Atr¥é" cerebellar anlage developed normally
until around E15. At this stage, rapid proliferation of granule
neurons occurs in the EGL in response to a pulse of the sonic
hedgehog (Shh) mitogen. This presumably generates in-
creased replication stress as GNPs rapidly expand and a
concomitant enhanced need for vigilant genomic mainte-
nance. Shh-driven expansion of the EGL is dependent upon
GNP cilia, as a key Shh receptor, Patched-1, localizes to this
organelle to modulate Shh signalling (Huangfu et al, 2003;
Rohatgi et al, 2007). Disruption of cilia function, via inactiva-
tion of the Kif3a motor protein, leads to cerebellar defects
similar to those seen in At cerebellum with a failure of
EGL expansion around E16.5 (Chizhikov et al, 2007; Spassky
et al, 2008; Han et al, 2009). Moreover, mice in which the Gli2
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transcription factor has been inactivated also results in
depletion of the EGL, as Gli2 activates Shh target genes
(Corrales et al, 2004). While a functional ATR-Chk1 axis is
important for activating cell-cycle checkpoints in response to
replication fork abnormalities (Cimprich and Cortez, 2008;
Lopez-Contreras and Fernandez-Capetillo, 2010), in our
study, Atr loss results in granule neuron proliferation arrest.
This indicates that replication-associated damage can result
in ATR-independent proliferation arrest. As ATR activation
depends upon TopBP1, deciphering the mammalian equiva-
lents of other components of the active TopBP1 complex
(e.g., Sld2, Sld3, Ticrr/TRESLIN and RHINO) will shed addi-
tional light upon DNA replication stress signalling and tissue
development (Kumagai et al, 2010; Lopez-Mosqueda et al,
2010; Sansam et al, 2010; Zegerman and Diffley, 2010;
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Cotta-Ramusino et al, 2011). Taken together, our data support
a critical role for ATR in the cerebellum for monitoring
replication-associated damage specifically during the Shh-
driven rapid expansion of the EGL.

Cerebellar dysgenesis is part of the spectrum of neuro-
pathology present in Seckel syndrome, while other character-
istic neurological defects involve the CC, a large white matter
structure that facilitates interhemispheric cross-talk (Shanske
et al, 1997; Capovilla et al, 2001; Murga et al, 2009; Fitzgerald
et al, 2011). Accordingly, we also found a marked defect in the
CC after Atr inactivation, and this defect was more severe
when Atr was deleted earlier in development using Emx1-cre.
Pronounced effects of Atr loss were also found in the GE, a
germinal centre for neural progenitors that migrate tangen-
tially to areas throughout the telencephalon to generate a
diversity of different cell types (Marin and Rubenstein, 2001;
Flames et al, 2007; Fishell and Rudy, 2011). However, in
contrast to the EGL, Atr loss results predominantly in apop-
tosis in this region rather than proliferation arrest. These
alternate outcomes after DNA damage are not uncommon in
the nervous system, and even within the cerebellum, a
specific DNA repair defect such as Xrccl deficiency can
lead to DNA damage-induced cell-cycle arrest in cerebellar
interneurons but apoptosis in the EGL (Lee et al, 2009).

Recent studies found a detrimental synergistic effect of
coincident loss of Atr and p53 likely from the combined
effects of abolishment of independent cell-cycle checkpoints
(Murga et al, 2009; Ruzankina et al, 2009; Reaper et al, 2011).
This scenario may be further exacerbated by increased pro-
liferation resulting from p53 loss (Gilad et al, 2010; Toledo
et al, 2011). However, our study showed that in the nervous
system, coincident loss of p53 and Atr did not result in
additional defects above those in At tissue. This may
reflect tissue specificity involving replication stress and p53
signalling. For example, different outcomes occur after Atm
loss where in the small intestine and thymus many cell types
are hypersensitive to IR-induced damage while immature
neurons are resistant (Herzog et al, 1998; Lee et al, 2001).
Combined deletion of Atm on the Atr®® background resulted
in lethality (Murga et al, 2009); although the basis for this is
unclear, it probably does not relate to effects upon the
nervous system. In our study, coordinate inactivation of
Atm failed to exacerbate the AtV “® phenotype, suggesting
that synthetic lethality in the scenario above resulted from
effects in non-neural systems and at earlier stages of embryo-
nic development.

Our data reveal a surprising plasticity in the neural pro-
genitor requirement for Atr during development. In contrast
to the inability of Atr-depleted cells to grow in vitro, neural
progenitors lacking Atr can cycle. Depending upon the pro-
genitor type, the consequences of Atr loss is variable,
although proliferation is eventually compromised; perhaps
as specific DNA lesions accumulate.

Materials and methods

Mice

The Atr floxed mice were as described (Ruzankina et al, 2007).
Nestin-Cre and Emx1-cre mice were obtained from the Jackson
Laboratory (B6.Cg-Tg(Nes-cre)1KIn/J; JAX #003771 and B6.129S2-
Emx 1™ (€Kt /5 JAX #005628). These were interbred in order to
obtain Atr“/Lo*F:Nes-cre mice. The control group (Atr®™) used
was either Atr*@/LoxE. Atr+/LoxPNes_cre or Atr ™/ ;Nes-cre. Atm™~~and
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p53~/~ mice were as described (Herzog et al, 1998): these were
interbred with Atr**/* :Nes-cre mice, and F1 mice were used to
generate AtV ";p537/~ or Atr™N**";Atm™~. A TopBP1 conditional
allele was generated by flanking exons 3-6 with LoxP sites (manu-
script in preparation). Floxed Ink4a/Arf mice were obtained from
Professor Anton Berns (Netherlands Cancer Institute). An Atm
conditional allele was generated in which LoxP sites flanked exon
58 (see Supplementary data). PCR to detect deletion of Atr used the
following primers: ATR#10 (5-CTATTTTTTGTTGCTGGTTTTG-3')
and ATR#15 (5-CTTCTAATCTTCCTCCAGAATTGTAAAAGG-3').
Cre-TM mice (JAX #004682: B6.Cg-Tg(CAG-cre/Esrl)SAmc/J)
provided tamoxifen-inducible cre expression driven from the actin
promoter and were intercrossed with Atr“*" mice and used to
obtain primary neural cell cultures.

Real-time PCR

Total DNA was extracted from tissues using the DNeasy Blood &
Tissue Kit (Qiagen), according to the manufacturer’s instructions.
For real-time PCR analysis of Atr or Atm deletion in developing
embryos, DNA was extracted from cryosections or frozen embryo-
nic tissue at indicated ages. The measurement of Atm and Atr levels
was done using aniQ SYBR Green Kit (Bio-Rad) with an iQ5 real-
time PCR detection system (Bio-Rad). Gene deletion was deter-
mined using a ratio calculated from the targeted region to a
common region of the gene using two different sets of PCR primers.
For Atr, the targeted region (exon 44) used the forward primer
5-GAAAGGAGCTTCGCCAGTGT and the reverse primer was 5'-GG
GCAGGAGTAATTCTTGGAATAC; the common region (exon 29) was
identified using the forward primer 5-ACTCTGGCTGTAGCGTCC
TTTC with the reverse primer 5-TGCTTCTTTTCTGTAATAAATGA
CTCAAA. For the conditional Atm allele, the targeted region (exon 58)
was detected using the forward primer 5'-TCAGCGAAGCGGTGTTCTC
and the reverse primer 5-TCATTTGGCCTGTATCTTCTATGTG. The
common region (exon 52) was detected using the following primers:
forward, 5'-ATGGAATGAAGATTTCATCCTATAAGTTT and the re-
verse primer was 5'-ATCCTAGGCCTCCCGTCATTT.

Histology

Mice were perfused with 4% (w/v) phosphate-buffered saline
(PBS)-buffered paraformaldehyde (PFA) and cryoprotected in 25%
PBS-buffered sucrose (w/v) solution. Brains were sectioned sagit-
tally and sectioned at 10 pm using an HM500M cryostat (Microm).
For analysis of paraffin-embedded tissue, mice were perfused with
PFA and 5um sections were dewaxed in xylene prior to staining.
Nissl staining was carried out with 1% (w/v) thionin. Haematox-
ylin and eosin staining was done according to the standard
procedures. Immunohistochemical staining of tissues was carried
out with the antibodies listed below. For colorimetric visualization
of positive signals, sections were incubated with antibodies over-
night at room temperature after quenching endogenous peroxidase
using 0.6% (v/v) H,0, in methanol. Slides were washed with PBS
three times, followed by incubation with biotinylated secondary
antibody and avidin-biotin complex (Vectastain Elite kit, Vector
Labs). Antibodies were used after citrate buffer-based antigen
retrieval. Immunoreactivity was visualized with the VIP substrate
kit (Vector Labs) using the manufacturer’s protocol. After staining,
sections were counterstained with 0.1% (w/v) methyl green,
dehydrated,and mounted in DPX (Fluka). For fluorescent signals
of immunoreactivity, FITC- or Cy3-conjugated secondary antibodies
(Jackson Immunologicals) were used and counterstained with 4'6-
diamidino-2-phenylindole (DAPI) or propidium iodide (Vector
Laboratories). The following antibodies were used: anti-calbindin
(mouse, 1:2000; Sigma), anti-PCNA (mouse, 1:500; Santa Cruz
Biotechnology), Pax2 (rabbit, 1:500; Zymed), Ki67 (rabbit, 1:250;
Vector Laboratories), anti-BrdU (rat, 1/500; Oxford Biotechnology),
anti-active Caspase-3 (1/100; BD Biosciences), anti-p53serl5
(rabbit, 1/100; Cell Signaling), anti-pH2AXser139 (rabbit, 1/500;
Abcam), anti-pH3ser10 (rabbit, 1/500; Cell Signaling), anti-Cux1
(CDP, rabbit, 1:100; Santa Cruz Biotechnology), anti-Brn2 (rabbit,
1:200; GeneTex), anti-Satb2 (mouse, 1:50; Abcam), anti-Tbrl
(rabbit, 1:100; Abcam), anti-Ctip2 (rat, 1:100; Abcam), anti-Tbr2
(rabbit, 1:200; Abcam), anti-Foxpl (mouse, 1:50; Thermo Fisher
Scientific), and anti-Foxp2 (rabbit, 1:50; Abnova). For in vivo
proliferation assays, newborn mice or pregnant females were
injected intraperitonally with BrdU at 50pug/g of body weight
(Sigma-Aldrich). The embryos or brains were removed either 2 or
6h after injection and fixed in 4% PBS-buffered PFA. TUNEL
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analysis was performed using cryosections with the ApopTag®
fluorescein In situ Apoptosis Detection Kit (Chemicon) according to
the manufacturer’s directions.

Cell counts

Quantification of specific cell populations were used to determine
indices of cell cycle or apoptosis during embryonic brain develop-
ment in Atr conditional animals. Three embryos were analysed per
each time point and for each genotype. Immunopositive signals
for PCNA, pH3ser10 and BrdU within 1 mm? were measured from
at least three representative sections per each embryo. For the
forebrain and GE, cells were assessed in a 0.27 mm? area for PCNA
and BrdU-positive cells; forebrain refers to the neopallial cortex.
Midbrain is the area directly above the cerebellum (future
colliculus); the developing cerebellum and was divided into three
areas, the VZ, LR and EGL. All data and statistics were done using
Prism (v4.0, Graphpad); P<0.05 was considered as significant.

Western blots

Western blot analysis was performed with tissues (cortex, cerebella,
liver and spleen) from both PS5 control mice (Atr“>"* :Nes-cre or
AtrFoX/EoxPy and conditional knockout mice (AtrNesee, AgFmxiere
and TopBPIV®“™). Protein extracts were prepared by using lysis
buffer (50 mM Tris-HCI, 200 mM NaCl, 0.2% NP-40, 1% Tween-20
(v/v), 1mM NaF, 1mM sodium vanadate, 50mM p-glyceropho-
sphate, 2mM PMSF, and protease inhibitor cocktail (Roche)) and
quantified by Bradford assay (Bio-Rad). Proteins (50pg per lane)
were separated through a 4-12% (w/v) Bis-Tris SDS polyacryla-
mide gel (Invitrogen) and transferred onto nitrocellulose membrane
(Bio-Rad). Blots were sequentially immunostained with anti-ATR
(goat, 1:130; Santa Cruz), anti-TopBP1 antibody (rabbit, 1:1000;
Chemicon) followed by horseradish peroxidase-conjugated second-
ary antibodies (1:1000; GE Healthcare) and detected using ECL Plus
chemiluminescence reagent (GE Healthcare). Blots were also
probed with anti-Nbsl (rabbit, 1:500; Cell Signaling), anti-Chk2
(mouse, 1:1000; Millipore), anti-p53serl5 (rabbit, 1/1000; Cell
Signaling), anti-pChk1ser317 (rabbit, 1/800; Bethyl) and processed
as described above. Ponceau staining and anti-actin immunoblot-
ting (goat, 1:500; Santa Cruz Biotech) of the transferred membrane
were used as protein-loading controls.

Isolation and analysis of primary astrocytes

Primary astrocytes were prepared from control or AtrN¢;p53~/~P1
mouse brains. Cortices were dissociated by passage through a 5-ml
pipette and cells were resuspended in Dulbecco’s modified Eagle’s
medium and Ham’s nutrient mixture F12 (1:1 DMEM/F12; Gibco-
BRL) supplemented with 10% fetal bovine serum (v/v), 100 U/ml
penicillin, 100 pg/ml streptomycin and 20 ng/ml epidermal growth
factor (Millipore). Primary astrocytes were established in Primeria T-
25 tissue culture flasks (Falcon) at 37°C in a humi-
dified 5% CO, incubator. After 4 days, cells were trypsinized and
seeded onto round 1 mm glass coverslips in 24-well plates. Cells
were allowed to re-establish for 24 h followed by fixation in 4% PFA
and permeabilization in PBS-buffered 0.5% Triton X-100. Cells were
subsequently incubated with anti-GFAP (mouse, 1:500; Sigma) and
anti-yH2AX (rabbit, 1:500; Millipore) antibodies for 1h at room
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temperature, washed and labelled with anti-mouse Alexa 488-
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(Invitrogen). Cells were mounted and counterstained with Vectastain/
DAPI (Vector Laboratories) and visualized.
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embryos. A digestion solution of 300 I DMEM-F12 with glutamax,
penicillin and streptomycin, papain (30 U/ml), cysteine (0.24 mg/ml)
and DNAsel (0.4mg/ml) was added to the dissociated tissue and
incubated 37°C for 45 min, inverting several times during incubation.
Digestion was stopped by addition of 300 pl inhibitor solution (L15
medium, ovomucoid trypsin inhibitor (1.125mg/ml) BSA (0.5mg/
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irradiation.
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