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The MRN complex (Mrel1/RAD50/NBS1) and ATM (ataxia telangiectasia, mutated) are critical for the cellular
response to DNA damage. ATM disruption causes ataxia telangiectasia (A-T), while MRN dysfunction can lead to
A-T-like disease (ATLD) or Nijmegen breakage syndrome (NBS). Neuropathology is a hallmark of these diseases,
whereby neurodegeneration occurs in A-T and ATLD while microcephaly characterizes NBS. To understand the
contrasting neuropathology resulting from Mrell or Nbs1 hypomorphic mutations, we analyzed neural tissue
from Mre11ATEPVATLDL gnd Nbs1*B/AB mice after genotoxic stress. We found a pronounced resistance to DNA
damage-induced apoptosis after ionizing radiation or DNA ligase IV (Lig4) loss in the Mre11ATLPVATLDT poryous

system that was associated with defective Atm activation and phosphorylation of its substrates Chk2 and p53.
Conversely, DNA damage-induced Atm phosphorylation was defective in Nbs1*P/A peural tissue, although
apoptosis occurred normally. We also conditionally disrupted Ligd throughout the nervous system using Nestin-cre
(Lig4™N°s-r¢), and while viable, these mice showed pronounced microcephaly and a prominent age-related

accumulation of DNA damage throughout the brain. Either Atm

=/~ or Mre11ATLPVATLDT gepetic backgrounds, but

not Nbs125/AB  rescued Lig4™** ™ microcephaly. Thus, DNA damage signaling in the nervous system is different
between ATLD and NBS and likely explains their respective neuropathology.
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The developing nervous system is highly susceptible to
DNA damage, and many human syndromes caused by
DNA repair deficiency present with pronounced neuro-
pathlogy (Katyal and McKinnon 2007; McKinnon and
Caldecott 2007; Rass et al. 2007). The DNA double-strand
break (DSB) is a particularly deleterious DNA lesion in
the developing nervous system and is repaired by either
nonhomologous end joining (NHE]J) or homologous re-
combination (HR) (Lees-Miller and Meek 2003; Lieber
et al. 2003; West 2003; Wyman and Kanaar 2006). Co-
incident with repair, DNA DSBs also activate cell cycle
checkpoints to halt cellular proliferation, thereby ensur-
ing fidelity of repair and the maintenance of genomic
integrity (Zhou and Elledge 2000; Kastan and Bartek
2004; Shiloh 2006). An alternative outcome to DNA
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repair, and one that occurs frequently during neural de-
velopment, is the activation of apoptosis to eliminate
DNA-damaged cells (Lee and McKinnon 2007).

MRN (Mrell/Rad50/NBS1) and ATM (ataxia telangi-
ectasia, mutated) are required to coordinate DNA DSB
signaling responses (Kastan and Bartek 2004; Stracker
et al. 2004; Shiloh 2006; Lavin 2008). The MRN complex
rapidly localizes to DNA DSBs, where it recruits and
activates the ATM kinase to initiate DNA damage
signaling (Carson et al. 2003; Uziel et al. 2003; Kitagawa
et al. 2004; Lee and Paull 2004; Difilippantonio et al.
2005). ATM initiates a signaling cascade via phosphory-
lation of multiple substrates that regulate cell cycle
checkpoints, DNA repair, or apoptosis (Shiloh 2003;
Lavin 2008). In the nervous system, p53 and Chk2 are
particularly important in vivo for Atm-dependent apo-
ptosis in immature neural cells (Lee et al. 2001; Takai
et al. 2002). However, apoptosis regulated by ATM and
Chk2 can also be independent and function in parallel,
indicating tissue and cell-type specificity in this pathway
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(Hirao et al. 2000; Keramaris et al. 2003; Stracker et al.
2008). MRN regulation of ATM activation involves protein—
protein interactions with the NBS1 C terminus (Falck et al.
2005), although the ATM-MRN interplay clearly requires
additional levels of interactions in controlling the out-
come of DNA DSB signaling (Difilippantonio et al. 2007;
Stracker et al. 2007).

Neurological diseases result from mutations that ren-
der ATM, MRE11, or NBS1 dysfunctional, including
ataxia telangiectasia (A-T), A-T-like disease (ATLD), or
the Nijmegen breakage syndrome (NBS) respectively,
underscoring the importance of the DSB response in the
nervous system (Kobayashi et al. 2004; McKinnon 2004;
Taylor et al. 2004). Unlike ATM, NBS1 and Mrell are
essential for mammalian development (Xiao and Weaver
1997; Zhu et al. 2001; Buis et al. 2008); accordingly, NBS
and ATLD result from hypomorphic mutations (Kobayashi
et al. 2004; Taylor et al. 2004; Frappart and McKinnon
2006). A-T is primarily a neurodegenerative syndrome,
which presents with cerebellar ataxia associated with
Purkinje cell degeneration, but also immunodeficiency,
radiosensitivity, sterility, and cancer predisposition
(McKinnon 2004). ATLD is also characterized by neuro-
degeneration and radiosensitivity (Taylor et al. 2004),
while NBS features microcephaly, immunodeficiency,
radiosensitivity, and cancer predisposition (Kobayashi
et al. 2004). The similarities between these syndromes
presumably reflect functional interactions between ATM
and the MRN complex, while the different neuropa-
thology indicates that the hypomorphic MRN mutations
leading to these diseases must ultimately result from
different downstream signaling in the nervous system.
How this occurs is unknown.

Using mouse models for ATLD and NBS we undertook
an in vivo analysis of the functional consequence of these
hypomorphic mutations in the nervous system. We in-
duced various genotoxic stresses to evaluate the relative
roles of Atm, Mrell, and Nbsl mutations during neural
development to identify signaling defects that account for
the distinct neuropathology characteristic of these dis-
eases. Our data show that the disease-causing mutations
in MRN lead to defective ATM-dependent DNA damage-
induced signal transduction in the nervous system,
whereby the relative activation of apoptosis accounts
for the differential neuropathology of these syndromes.

Results

Ionizing radiation (IR)-induced apoptosis is defective
in the Mrel1ATLPVATLDL 3r i

To determine the basis for the differential neuropathol-
ogy associated with ATLD and NBS we used mice
harboring hypomorphic alleles (Mrel14TP1/ATEDL 4nq
Nbs14P/48) reflecting those present in the human diseases
(Carney et al. 1998; Varon et al. 1998; Stewart et al. 1999).
The ATLD mutation (633R — STOP) results in a trun-
cated Mrell protein, while the Nbs14? allele has a mu-
tation that produces an 80-kd Nbsl protein lacking the
N-terminal FHA and BRCT domains (Williams et al. 2002;
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Theunissen et al. 2003). These mice recapitulate many
aspects of the respective human syndromes, including
radiosensitivity and cell cycle checkpoint defects, al-
though they do not develop overt neuropathology
(Williams et al. 2002; Theunissen et al. 2003).

While many features of NBS and ATLD can be attrib-
uted to a defect in ATM activation (Carson et al. 2003;
Uziel et al. 2003; Difilippantonio et al. 2005), the dispa-
rate neuropathology suggests differences in DNA damage
signaling in the nervous system. To investigate DNA
damage responses in the developing nervous system of
ATLD and NBS mice, we used IR to induce genotoxic
stress. Because apoptosis is a primary readout of IR-
induced DNA damage in the developing nervous system
(Lee and McKinnon 2007), we therefore analyzed repre-
sentative regions including the postnatal retina and
dentate gyrus using immunohistochemistry to assess
caspase-3 activation. In the absence of radiation very
little apoptosis was seen, as judged by caspase-3-positive
cells (Fig. 1A-C). However after radiation, wild-type and
Nbs1*B28 mice showed an equivalent susceptibility to
IR-induced apoptosis (Fig. 1A [panels c—f], B,C). In con-
trast, there was a marked resistance to apoptosis in the
Mrel1ATEPV/ATIDT nhice (Fig. 1A [panels gh], B,C). IR-
induced cell death was substantially reduced throughout
immature post-mitotic regions of the Mre114TLP1/ATLD!
developing nervous system, including the inner nuclear
layer of the retina and the dentate gyrus of the hippo-
campus (Fig. 1A [panels g,h], B,C). The resistance of these
particular cell populations is similar to that observed in
the same regions in the early postnatal Atm ™/~ brain, as it
is restricted to regions undergoing postnatal development
(i.e., cerebellum, dentate gyrus, and retina) (Herzog et al.
1998; Lee et al. 2001). Studies in P5 were thus confined to
these developing areas, whereas embryonic studies were
primarily focused in the forebrain. IR treatment of
Mre1 1ATEPVATIDL (3nd Atm™/~) embryos at embryonic
day 13.5 (E13.5) and E15.5 also showed resistance to
apoptosis in immature, post-mitotic neurons akin to the
P5 tissues, while in Nbs14%4® embryos IR-induced apo-
ptosis was indistinguishable from wild-type embryos
(data not shown). Additionally, IR-induced apoptosis in
the proliferating ventricular zone of the embryonic ner-
vous system occurred normally in Mre114TEPV/ATEDT (34
Nbs14B/4B) a5 it does in Atm ™/~ tissue (data not shown).
Thus, ATLD but not NBS mutations measurably influ-
ence DNA damage-induced apoptosis in specific regions
of the developing brain.

Atm signaling in Mrel 1ATLP/ATLD1
and Nbs1*¥28 brain

Because the MRN complex can modulate ATM kinase
activity, we determined if the resistance to IR-induced
apoptosis in the Mre114TEPY/ATEDT tigque was related to
defective Atm activation. We assayed Atm ser1987 phos-
phorylation (equivalent to ser1981 of human ATM) as
a marker for DNA damage-induced Atm activation in
vivo in Mre11ATEPH/ATEDL and Nbs14P/AP p5 cerebellum,
a tissue significantly affected in both diseases. At doses of
1 Gy or below, wild-type cerebellum showed clear Atm
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are at 400X magnification. (Panels b,d,f,h) Images
of the dentate gyrus are at 200X magnification.
Retinal photoreceptor layer (PR), inner nuclear
layer (INL), and plexiform layer (PL) are indicated.
Arrows point to immunopositive cells. The num-
ber of activated caspase-3-positive cells in the
retina (B) or dentate gyrus (C) were quantified;
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ser1987 phosphorylation while very little Atm phosphor-
ylation was observed in either Mrel1ATEPT/ATIDT p
Nbs14P/AB tissue (Fig. 2A). However, at higher radiation
levels (>4 Gy) Atm phosphorylation was evident in
Mre11ATEPVATIDT 31 Nbs14P/4® tissue, albeit reduced
compared with wild type (Fig. 2A). These data indicate
that both Mrell and Nbsl mutations result in reduced
Atm ser1987 phosphorylation, indicating that MRN
modulates Atm signaling in the developing brain.

As Nbs14BAB neural tissue underwent DNA damage-
induced apoptosis similar to wild type (Fig. 1), defective
Atm phosphorylation was somewhat unexpected. There-
fore, we confirmed the MRN complex was disrupted in
Mre11ATEPVATIDT gnd Nbs145/AP tissue. Full-length Nbsl
was not present in the NbsI*P2P samples (Fig. 2B),
although we did detect the 80-kd product translated from
the Nbsl mutant message (Maser et al. 2001). Similarly,
the C terminus of Mrell was not detected in Mre114TEPY/
ATLPI tissue, and levels of Nbsl were also substantially
reduced (Fig. 2B). Consequently, we determined other
readouts of Atm signaling relevant to apoptosis. Chk2 is
a key DNA damage signaling effector that is activated by
Atm-dependent phosphorylation (Ahn et al. 2000; Hirao
et al. 2000; Matsuoka et al. 2000) and is essential for
radiation-induced apoptosis in the developing nervous
system (Takai et al. 2002). In both Mre1 1ATEPVATLDT 4pd
Nbs14B4E tissues there was clearly less Chk2 modifica-
tion (evident as reduced band mobility) compared with
wild type after irradiation. However, despite this, Chk2
activation was substantially greater in the NbsIP/AP
tissue compared with Mre114T-PVATEDT particularly after
8 Gy. We also evaluated serl8 phosphorylation of p53
(equivalent to serl5 of human p53) after radiation of P5
cerebellum using immunohistochemistry and using West-
ern blot analysis. While both wild-type and Nbs14P/A8
tissue had robust induction of p53 serl8 phosphorylation

18 Gy error bars represent standard deviation.

and caspase-3 activation (Fig. 2C, panels c—f], both were
markedly reduced in Mre114T-P/ATLIDT tissue after 18 Gy
of IR (Fig. 2C, panels gh). Furthermore, we also deter-
mined the relative level of Chk2 activation in Atm~/~ P5
cerebellum, as a comparison with the MRN mutants, and
found no detectable Chk2 activation or p53serl8 phos-
phorylation occurred after 4 Gy of IR, consistent with
apoptosis being Atm-dependent in this tissue (Fig. 2D).
Additionally, at higher radiation doses (18 Gy) the differ-
ence between Chk2 activation in Mrel 1ATEPI/ATLDT gpd
Nbs14BAP js more apparent, as is phosphorylation of
p53serl8 (Fig. 2C,E). The abundant apoptosis and Chk2
modification observed in the Nbs1482% mice indicate that
the hypomorphic Nbsl allele can activate Atm sufficiently
to engage apoptosis in the CNS after DNA damage. We
also observed defects in Atm signaling in the Mre114TEPY/
ATLDT and Nbs14PAP thymus, with reduced apoptosis in
ATLD tissue (Supplemental Fig. 1), consistent with recent
data using Mre11ATEPVATLDT thymocytes (Stracker et al.
2008). Thus, the MRN complex is required for ATM
activation, and this is defective in both Mre114TtP1/ATLD!
and Nbs1?PAP tissue. However, the Mre]1ATMP1/ATLDI
mutation results in a more substantial block in Atm
activity and subsequent abrogation of apoptosis.

1 ATLD1/ATLD1

DNA damage signaling by Mrel and

Nbs12¥28 after Ligd Ioss

We further addressed the consequences of NBS and ATLD
mutations in the context of chronic endogenous geno-
toxic stress, compared with acute damage from radiation,
by using DNA Ligase IV (Lig4)-deficient mice (Barnes
et al. 1998). In these DNA repair-deficient mice, Lig4 loss
leads to mid-gestational embryonic lethality associated
with neuraxis-wide Atm-dependent apoptosis (Lee et al.
2000; Sekiguchi et al. 2001). Therefore, we assessed the
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Nbs1*PAB mice were treated with 18 Gy of IR and collected 3 h post-IR. Cerebellar lysates in D and E were probed for Chk2, p53
(pSer18), and Nbs1 or Mrell. Ponceau staining is shown to indicate relative protein loading.

impact of Mre114TLP1/ATLDT ynd Nbs14P/AB mutations by

interbreeding with Lig4 /- mice to generate Ligd ’~;
Mre11ATEPVATIDL 1 [ i04~/~ Nbs1*PAP compound mu-
tants and appropriate controls. We found that in the
context of Ligd loss, the ATLD mutation but not the
NBS1 mutation resulted in an almost complete block of
apoptosis in neural tissue, similar to that found in Ligd™~/~;
Atm~'~ tissue. As shown in the E15.5 neopallial cortex of
the developing forebrain, Lig4d /~ embryos showed wide-
spread apoptosis throughout the developing nervous
system (Fig. 3A, panels ab). However, apoptosis was
substantially abrogated in Ligd/~;Atm /" (Fig. 3A, pan-
els ¢,d) or Ligd '~ ;Mre114T-PI/ATIDT ombryos (Fig. 3A,
panels e,f) while levels of apoptosis similar to Ligd™/~
were present in Ligd /;Nbs1*/4E embryos (Fig. 3A,
panels gh). In other regions of the nervous system in-
cluding the telencephalon, metencephalon, spinal cord,
or the dorsal root ganglia, apoptosis was also largely
absent in Ligd /" ;Mre114TFP1/ATLDL embyryos, while the
Nbs1*PAB mutation did not affect apoptosis after Lig4
loss (Supplemental Fig. 2). Similar to Ligd™/;Atm ™'~
mice, Ligd ™/~ ;Mre114TEPI/ATEDT mice also survived until
birth but died perinatally. In contrast, Ligd~/~;Nbs14F/A8
embryos died around mid-gestion similar to Ligd™/~
embryos. Therefore, the DNA damage response resulting
from Lig4 inactivation in the developing nervous system
is differentially affected by Mrel11ATEPVATIDL gpd
Nbs14B48 mutations.
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To gauge Atm activation in neural tissue from Ligd ™/~
Ligd~'~;Nbs1*PA8  and Ligd/~;Mre11ATEPVATLDT oy
bryos, we assayed embryonic forebrain and hindbrain
for phosphorylated Atm (ser1987). Atm phosphorylation
was substantially enhanced in Ligd /" tissue extract, but
reduced in Ligd /~;Mre114TFPVATEDT gamples. In con-
trast, Ligd/";Nbs1*P/*8 embryos exhibited levels of
autophosphorylated Atm intermediate to that seen in
Lig4~'~ (Fig. 3B). These data further highlight the differ-
ent Atm signaling that results from Mrell and Nbsl
hypomorphic mutations after DNA damage.

LigaNes"Cr mice accumulate DNA damage in the brain

To expand analysis of DNA damage signaling resulting
from Mre11ATEPVATIDL o Nhs1AP/AB mutations, we gen-
erated a conditional Ligd mutant mouse. We did this to
bypass the embryonic lethality resulting from germ line
deletion of Lig4, thereby providing a more refined model
to investigate MRN function in the CNS. To generate
a Lig4 conditional allele we floxed the Lig4 ORF to
generate Lig4*/°*F mice and intercrossed these with
mice expressing cre throughout the nervous system via
a Nestin promoter to obtain Ligd®*?/1*F, Nestin-cre (Lig4-
Nes-Cre) mice (Fig. 4A). In all experiments, either Ligd™";
Nestin-cre or Ligd*"*T; Nestin-cre mice were used as
controls and are collectively referred to as Ligd®.
Southern blot analysis confirmed inactivation of genomic
Lig4 and showed that extensive deletion had occurred in
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Figure 3. DNA damage signaling in ATLD and NBS after Lig4
loss. (A) TUNEL analysis and immunostaining against active
caspase-3 was performed on E15.5 cryosections of Ligd ™/,
Ligd™/;Atm ™', Ligd /" ;Mre114TEP1/ATEDT - and  Ligd/~;
Nbs14%/28 Arrows indicate immunopositive signal. Images of
the neopallial cortex were captured at a 200X magnification. (B)
Tissue lysates were prepared from E13.5 forebrain (f) and
hindbrain (h) collected from the indicated genotypes. Total
Atm was immunoprecipitated from lysates followed by immu-
noblotting for phosphorylated Atm (pserl1987). Quantitative
analysis depicted below the blot indicates the relative ratio
between phospho serl1987 and total Atm; brackets indicate
matched brain regions.

the cerebellum and forebrain by 4 wk (Fig. 4B), while
Northern blot analysis confirmed the absence of the Lig4
transcript in LigdNes ™ cerebellum (Fig. 4C). Consistent
with Lig4 loss resulting in chronic genotoxic stress, we
found increased Atm(ser1987) phosphorylation in the
Lig4NesC™ brain (Fig. 4D).

While loss of Lig4 in the germ line leads to neuraxis-
wide apoptosis and mid-gestational lethality (Barnes et al.
1998; Frank et al. 1998; Gao et al. 1998), Ligd™**©* mice
were viable up to a year of age. To assess the consequence
of Lig4 loss in the mature brain, we surveyed neural tissue
from mice between P5 and 12 mo of age. Using YH2AX
staining to identify DNA DSBs, we found a widespread
and progressive accumulation of yH2AX (Fig. 4E) and
53BP1 foci (data not shown) throughout the Ligg’es¢r
brain. Additionally, Lig4™* "¢ mice were unable to repair
DNA breaks in the brain induced by IR up to 1 wk after
radiation, whereas after 24 h few detectable strand breaks
were present in control animals (Supplemental Fig. 3).
Therefore, Lig4 is essential for the prevention of accu-
mulated unrepaired DNA DSBs in post-mitotic cells in
the nervous system.

Microcephaly after Ligd loss requires Atm signaling

In comparison with age- and sex-matched littermates,
Ligd®! LiggNesC*® animals exhibit pronounced micro-
cephaly, as evidenced by an ~40% reduction in brain size

DNA damage signaling in NBS and ATLD

(Fig. 5). Notably, microcephaly is a characteristic of LIG4
syndrome patients with hypomorphic mutations in LIG4
(O'Driscoll et al. 2004). To determine the cause of the
microcephaly in the Lig4™V*"C™ mice we assessed apopto-
sis at various developmental stages. We found that from
E13.5 onward there was markedly increased apoptosis in
Liga™Nes-Cr¢ peural tissue as judged by TUNEL and caspase
3 staining (Fig. 5), with a peak around E15.5 somewhat
similar to germ line disruption of Lig4. Thus, microceph-
aly in Lig4™VCr mice likely results from apoptotic cell
loss during development. Therefore we generated Ligd™¢s ™,
Atm—/—l Lig4Nes—Cre;M1,611ATLD1/ATLD1[ or ng4Nes—Cre;
Nbs1*2B mice to produce viable mice with which to
monitor longer term consequences of MRN mutations.
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Figure 4. Generation and analysis of conditional Lig4-null
mice. (A) The conditional Lig4 allele was generated by flanking
the Ligd ORF by LoxP sites. (B) Deletion of the Lig4 allele
throughout the brain was done using Nestin-cre. Southern blot
analysis of DNA from 1-mo-old LigdNe"“™ or Lig4“°"* mice
shows the deleted Lig4 allele (1.6 kb) in cerebellum and fore-
brain (**) but not in liver or spleen. (C) RNA was extracted from
adult cerebella for Northern analysis. A full-length Ligd cDNA
probe was used to detect expression of Ligd mRNA. (D)
Cerebella were collected from P5 Ligd™Ve¢* and Ligd®"! ani-
mals. Atm was immunoprecipitated from tissue lysates, then
immunoblotted for Atm pSer1987 and total Atm. (E) Ligg"Nescr
and Lig4°" tissues were collected at the indicated ages and
immunostained for yH2AX. Representative images of cerebella
from each age and genotype are shown (200X magnification).
Arrows indicate that after Lig4 deletion Purkinje cells contain
YH2AX; inset panels show Purkinje cells with yH2AX foci at
800X magnification.
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Figure 5. Impact of ATLD and NBS muta-
tions in Lig4™Nes"C™ (A) TUNEL analysis and
immunostaining for active caspase-3 were
performed on E15.5 embryos from indicated
genotypes. The total number of positive cells
per 400 pm? was quantified; error bars repre-
sent standard deviation. Micrographs encom-
pass ganglionic eminence and neopallial
cortex (200X magnification). (B) The effect of
A-T, ATLD, and NBS mutations on Lig4"es-¢
brain size. Brain weights were collected from
sex-matched cohorts at 4 mo of age. No
significant difference was observed between
Ligda®! groups and Atm /= or Mrel14TtPY
ATLDI controls; however a statistically signif-
icant decrease in Nbs1*/2® brain weight was
observed compared with controls (P = 0.013).
A statistically significant recovery in Lig4"N**
Cr¢ brain weight was observed in Ligd™®*
Cm;Atmf/f and Ll-nges—Cm;MrelZATLDI/ATLDZ
but not in LigdN*"Cr,Nbs14P/4® mice. Error
bars represent standard deviation.

Lig4°*!

Initially, we confirmed that both MRN mutations pro-
duced effects in the Lig4 conditional mutant similar to
those we observed after germ line disruption of Lig4.
We found that apoptosis was abrogated in Ligd™Nes <™,
Mrel 1ATLPI/ATLDTL yn 4 Ll'g4NeS'C’9;Atm_/ ~ neural tissue
but occurred to the same level as Ligg™Ves"C in LiggNesce,
Nbs14B A mice (Fig. 5A).

To assess the long-term consequences of MRN dysfunc-
tion after chronic DNA damage in the CNS, we moni-
tored adult Ll'g4NgS_Cm;Atm7/7, Ll-g4Ncs-Cm;]V[reZlATLDl/ATLDZ,
or Ligq™" es-Cre. Nbs148/2F mice. Inactivation of either Atm
or Mrel1l significantly rescued microcephaly, whereas the
Nbs1*P/AB mutation had no obvious affect toward micro-
cephaly in LigdaN*** mice (Fig. 5B). Excluding micro-
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cephaly, no other significant morphologic aberrations
were found in the Lig4"V% ™ brain. However, with age,
adult LigaNe"C™ gnimals developed a severe hindlimb
ataxia of unknown etiology from 7 to 9 mo onward. This
phenotype was observed with 100% penetrance in
Lig4Nes°r® animals allowed to reach that age span (n =
23) (data not shown) and was not seen in an equivalent
number of age-matched Lig4*/"*";Nestin-cre mice.
Neither Atm™/~, Mre11ATEPV/ATIDL - hor  Nbs14B/AB
background affected the latency or severity of this
phenotype, suggesting that this latter pathway is in-
dependent of MRN and ATM, highlighting the im-
portance of this pathway during development. Thus,
the microcephalic phenotype in Lig4N*®™ mice is



attributable to increased apoptosis via ATM-dependent
DNA damage signaling.

Discussion

Defective responses to DNA damage resulting from
dysfunction of ATM or the MRN complex can cause
the human syndromes, A-T, ATLD, and NBS. Although
these diseases share similar phenotypes including radio-
sensitivity and chromosomal instability, A-T and ATLD
exhibit neurodegeneration while NBS is characterized by
microcephaly. This suggests that the respective disease-
causing mutations impact DNA damage signaling differ-
ently within the brain. To test this, we analyzed the DNA
damage response in the nervous systems of ATLD
(Mre114TEPI/ATEDL) 41 d NBS (Nbs14%4P) mice and found
that different effects upon ATM activation and down-
stream apoptotic signaling distinguish these MRN muta-
tions. Therefore, we hypothesize that the different
neuropathology in ATLD and NBS is a result of the
relative levels of ATM activation by MRN after DNA
damage, most probably in response to DNA DSBs (Fig. 6).

While both Mre114TPV/ATEDL 31 Nbs14B/48 are de-
fective in Atm phosphorylation after DNA damage, only
Mre11ATEPV/ATEDT myytations block the subsequent acti-

ATM activation
100%

MRN

Neuropathology

Histopathology
Microcephaly
[> | Apopiotic treshold, [>

Neurodegeneration

NBS1{48/8

Mre11ATLDV/ATLDY No Apoptosis

*Altered DNA damage response*

ATM activation
0%

Figure 6. Neuropathology in ATLD and NBS. Full ATM acti-
vation and activity require the MRN complex. Both
Mre11ATEPT/ATIDT and Nbs1*B28 mice show defective Atm
phosphorylation. However, Atm activity is substantially higher
in the Nbsi*®8 nervous system compared with the
Mre1 1ATEPI/ATIDL heryous system and is sufficient to activate
apoptosis. The different apoptotic response observed between
the Mre114TLPIVATLDT 4nd Nbs12B/28 mice suggests a threshold
level of Atm activity is required to induce apoptosis during
neurogenesis. In the human brain, NBS mutations elevate DNA
damage, leading to increased apoptosis and microcephaly. In
contrast, ATLD mutations cannot sufficiently activate ATM,
thereby failing to engage apoptosis and eliminate DNA damaged
cells. Similar to A-T, damaged cells may become incorporated
into the nervous system and at later times will malfunction and
die, resulting in progressive neurodegeneration.

DNA damage signaling in NBS and ATLD

vation of apoptosis by Atm. In this manner, the
Mre11ATEPVATEDL myytation creates a scenario similar
to the Atm ™'~ nervous system (Lee et al. 2001), whereby
defective ATM signaling inhibits apoptosis of DNA-
damaged neural cells. Therefore our data provide a mech-
anistic explanation for the similar neuropathology be-
tween A-T and ATLD. We suggested previously that the
loss of ATM prevents apoptosis, leading to incorporation
of cells harboring genomic damage into the mature
nervous system, and over time these cells presumably
succumb to this damage and die (Herzog et al. 1998; Lee
et al. 2001). Thus, attenuation of DNA damage-depen-
dent apoptosis in ATLD would mimic A-T, resulting in
neurodegeneration characteristic of each disease.

Conversely, in NBS, DNA damage accumulates due to
dysfunctional MRN, but NBS1 mutations do not block
Atm-dependent apoptosis, and therefore we predict that
increased apoptosis occurs during development, contrib-
uting to microcephaly. This is consistent with defective
NBS1 leading to increased genotoxic stress, cancer, and
radiosensitivity (Kobayashi et al. 2004). As opposed to the
Nbs14PA8 mouse, complete disruption of Nbsl in the
murine nervous system leads to microcephaly from DNA
damage-induced apoptosis and decreased proliferation
(Frappart et al. 2005). In contrast to the microcephaly
observed in LIG4 syndrome and modeled in the Ligg™¢s¢r¢
mice, neuropathology associated with NBS could be due
to damage accumulation in either post-mitotic or pro-
liferating cells, as NBSI1 is also important during HR
(Tauchi et al. 2002; Limbo et al. 2007; Sartori et al. 2007).
The Nbs14? allele results from deletion of exons 4 and 5,
producing a protein that lacks the N-terminal FHA and
BRCT domains encoded within exons 1 through 5. In
contrast to the Nbs1*/2% mouse, other models that lack
a C terminus (Nbs14%4€ and Nbs17%°) showed reduced
apoptosis in some tissues consistent with a defect in
ATM activation (Difilippantonio et al. 2007; Stracker
et al. 2007). Additionally, deletion of the Nbsl C termi-
nus in the context of the Nbs1*® protein (the Nbs142¢
allele) results in apoptotic defects in thymocytes but does
not rescue gestational lethality associated with Lig4 loss
(Supplemental Fig. 4), which is linked to neuraxis-wide
apoptosis, suggesting that modulation of apoptosis by
Nbsl is tissue-specific.

As NBS individuals harbor mutations in the FHA
and BRCT domains, not the C terminus, the pathology
associated with NBS involves an intact C terminus.
Preservation of the C terminus presumably allows in-
teraction of the resulting NBS1 protein with ATM and
Mrell and the activation of apoptosis. Although the level
of Nibs1 is reduced in Mre114T-P1ATIDT cellg) there is still
arelatively higher level than that of the NBS1 p80 protein
found in Nbs145/® tissue. This suggests that the apopto-
tic defect we observe in the Mrel1ATEPVATIDT peryous
system directly involves the Mrell mutant protein rather
than an indirect effect upon Nbsl. Given the multiple
contacts ATM makes with the MRN complex (Lee and
Paull 2004), it is likely that ATLD mutations directly and
selectively impact ATM-MRN interactions to preclude
effective ATM activation.
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Why, then, do A-T and NBS have many phenotypic
similarities outside of the nervous system? These simi-
larities encompass immunodeficiency, cancer, and radio-
sensitivity, and reflect the interrelated roles of MRN and
ATM during DNA rearrangements in the immune system
and maintenance of genomic integrity in proliferating
cells. For example, ATM and NBS1 are required to ensure
the fidelity of programmed rearrangements and elimina-
tion of cells with inappropriate genomic rearrangements
in the immune system (Kracker et al. 2005; Reina-San-
Martin et al. 2005; Bredemeyer et al. 2006; Callen et al.
2007; Jankovic et al. 2007). Additionally, both ATM and
NBS1 can function in stem and progenitor populations in
the hematopoeitic and germ cell compartments (Kang
et al. 2002; Ito et al. 2004; Takubo et al. 2008). These
requirements for ATM and NBS1 contrast the situation in
the nervous system where ATM fulfills an indispensable
role in DNA damage-induced apoptosis in post-mitotic
neurons, but not in proliferating neural progenitors where
ATR or DNA-PK may be the more important kinases (Lee
et al. 2001; Orii et al. 2006).

In summary, our data demonstrate that the respective
MRN mutations that lead to NBS and ATLD impact
differently upon ATM signaling. These data illuminate
the mechanistic underpinnings of the different neuropa-
thology present in ATLD and NBS, suggesting they result
from alterations in the modulation of ATM-dependent
apoptosis after DNA damage.

Materials and methods

Animals

Mice carrying germ line mutations for Mre11, Nbs1, DNA ligase
IV, and Atm have been described (Barnes et al. 1998; Lee et al.
2000; Williams et al. 2002; Theunissen et al. 2003). To generate
a conditional DNA Ligase IV allele we used a murine BAC
genomic clone (strain 1290la) to isolate a 13-kb BamHI fragment
encompassing the Lig4 genomic locus. We placed a LoxP sequence
into a unique Mlul site 4.8 kb upstream of the Ligd ORF and
a floxed NeoTK cassette downstream as a HindIIl fragment to
generate pLigd"**". Embryonic stem (ES) cells (W9.5; 129S1/SvImy])
were electroporated with linearized pLigd“>F selected with G418
antibiotic, and targeted cells were identified by Southern Blot
analysis. ES clones were then electroporated with pMC-cre,
followed by selection in FIAU (5-iodo-2’-fluoro-2'deoxy-1-arabi-
nofuranosyluracil) to kill cells containing TK. ES cells with
a correct LoxP configuration were determined by PCR and were
then injected into blastocysts and the resultant chimeric mice
assessed for germ line transmission of the floxed Lig4 allele.
Nestin-cre mice [B6.Cg-Tg(Nes-cre)1KlIn/J; JAX #003771] were
used to delete Lig4 throughout the nervous system.

Animals were housed in an Association for the Assessment
and Accreditation of Laboratory Animal Care (AAALAC)-
accredited facility and were maintained in accordance with the
NIH Guide for the Care and Use of Laboratory Animals. The St.
Jude Children’s Research Hospital IACUC approved all proce-
dures for animal use.

Histology and Immunohistochemistry

Mice were transcardially perfused with 4% paraformaldehyde
(PFA), and collected tissues were cryoprotected in 25% PBS-
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buffered sucrose solution and then embedded in O.C.T. (Tissue-
Tek). Antigen retrieval was used for all immunohistochemistry
using the following antibodies: anti-p53 (CM5; 1:500; Vector
Laboratories); anti-p53 phospho-Ser-15 (1:500; Cell Signaling);
anti-active caspase 3 (1:500; BD Biosciences); anti-phospho-
H2AX antibodies (1:500, rabbit; Abcam). Immunohistochemistry
for activated caspase-3 or p53-serl5 was performed overnight at
room temperature after quenching endogenous peroxidase with
0.6% hydrogen peroxide in methanol. Immunoreactivity was
visualized with a VIP substrate kit (Vector Laboratories) accord-
ing to the manufacturer’s directions after tissues were treated
with biotinylated secondary antibody and avidin DH-biotiny-
lated horseradish peroxidase-H complex (Vectastain Elite Kkit;
Vector Laboratories). Sections were counterstained with 0.1%
methyl green (Vector Laboratories), dehydrated, and mounted in
DPX reagent. Quantitation of TUNEL- or caspase-3-positive cells
was determined by counting positive signal from images equiv-
alent in size and magnification between genotypes.

For immunofluorescence with yH2AX, sections were sub-
sequently immunolabeled with Cy3-conjugated goat anti-rabbit
(1:500; Jackson Immunoresearch) and mounted with Vectashield
anti-fade reagent containing DAPI (Vector Laboratories). Apo-
ptotic cells were detected with ApopTag Fluorescein in situ
apoptosis detection kit (Chemicon International) according to
the manufacturer’s instructions. Images were captured using an
Axioskop 2.0 microscope (Carl Zeiss) and a SPOT camera (Di-
agnostic Instruments, Inc.).

Protein extraction and Western blot analysis

Tissues were resuspended in 500 pL of lysis buffer (100 mM Tris-
HCI, 150 mM NaCl at pH 7.5, 0.5% SDS, 0.5% NP-40, 0.5%
sodium deoxycholate, 1 mM EGTA, 0.5 mM ZnCl,, 0.02%
NaNj;, 10% glycerol, 0.1% B-mercaptoethanol, 0.2 mg/mL
PMSF, Complete protease inhibitor cocktail [Roche]) and disso-
ciated by passage through a 23-G needle. Protein concentrations
of whole-cell extracts were quantified using Bradford reagent
(Bio-Rad). Proteins (50 pg per lane) were separated through an 8 %
SDS-polyacrylamide gel and transferred onto nitrocellulose
membrane (Bio-Rad). Blots were immunostained with antibodies
recognizing NBS1 (1:500, Cell Signaling Technology), Mrell
(1:500, BD Transduction Laboratories), and CHK?2 (1:800, Upstate
Biotechnologies/Millipore) followed by horseradish peroxidase-
conjugated goat anti-mouse secondary antibody (1:2000; GE
Healthcare) and detected using ECL Plus chemiluminescence
reagent (GE Healthcare). Immunostaining with goat polyclonal
anti-actin (1:500; Santa Cruz Biotechnologies) antibody served as
a protein loading control.

For assessment of Atm phosphorylation, Atm was immuno-
precipitated from postnatal brain or embryonic neural tissues
with Atm antibody D1611 (obtained from Dr. Michael Kastan)
using protein A/G agarose beads. Tissue lysates for immunopre-
cipitation were prepared in 50 mM Tris (pH 7.5) containing 150
mM NaCl, 50 mM NaF, 1% Tween 20, 0.2% NP-40, 1 mM
AEBSF (Roche), 1 mM DTT, and 1X protease inhibitor mixture
(Roche). Beads were rinsed with RIPA buffer (PBS containing 1%
Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 2 mM
EDTA), split 1:2, and run on two separate 3%-8% NOVEX gels
and electroblotted to PDVF membranes. Phosphorylated Atm
was visualized using anti-Ser-1981 Atm antibody (Rockland
Immunochemicals), and MAT3 antibody (obtained from Dr.
Yosef Shiloh) was used to detect total Atm. The ratio of
phosphorylated Atm to total Atm was determined from densi-
tometric scans of autoradiographs using NIH Image ] version
1.14n software.
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