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Abstract

The progressive accumulation of DNA damage is thought to be one of the driving forces that initiates
ageing. However, the nature of the damage that arises endogenously is still ill-defined. A known
source of endogenous damage is replicative stress (RS), which is intrinsically associated to DNA
replication and prevented mainly by the ATR kinase. Here, we have developed a murine model of
the human Seckel Syndrome characterized by a severe deficiency in ATR. Seckel mice suffer high
levels of RS during embryogenesis when proliferation is widespread, but which decrease to marginal
levels in postnatal life. In spite of this decrease, adult Seckel mice present accelerated ageing, which
is further aggravated in the absence of p53 due to a further increase of RS. Together, these results
support the concept that endogenous RS, particularly in utero, contributes to the onset of ageing in
postnatal life and this is counterbalanced by the RS-limiting role of the checkpoint proteins ATR and
p53.

The accumulation of DNA damage can have important consequences that limit the lifespan of
mammalian organisms such as ageing or cancer. On one hand, one of the current theories of
ageing is based on the accumulation of DNA damage1. Accordingly, signals of an activated
DDR have been shown to increase on aged tissues and stem cells (SC)2,3, and a number of
murine models with impaired DNA repair show features of premature ageing4. On the other
hand, damaged DNA is the source of the mutations that drive malignant transformation.
Therefore, it is not surprising that organisms have evolved complex signalling pathways to
protect their DNA. In particular, the so-called DNA damage response (DDR) starts with the
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activation of either one of two members of the PIKK family of protein kinases: Ataxia
Telangiectasia Mutated (ATM) and ATM and Rad3-related (ATR)5. Whereas ATM is
activated by DNA double strand breaks (DSBs), ATR responds to ssDNA both at resected
DSBs as well as at aberrant replicative structures that compromise genome integrity during S
phase. Regardless of the kinase that initiates the signalling, the final outcome of the DDR is to
promote DNA repair while it delays cell cycle progression until chromosomes are healed.

Whereas ATM deficient animals were generated more than a decade ago6-8, deciphering the
physiological roles of ATR has been hampered by the essential nature of this kinase9,10.
However, although complete elimination of Atr is incompatible with life, a seminal study found
a hypomorphic mutation in human patients of a rare human disease known as the Seckel
Syndrome (SS) (OMIM 210600)11. This disease was first described by Helmut Seckel in 1960
as “bird-headed dwarfism” because of the severe dwarfism and craniofacial features of the
patients12. In homozygosity, the mutation brings ATR to almost undetectable levels due to a
splicing defect, but yet the protein that is left is sufficient to sustain life. We have here exploited
the human Atr-Seckel mutation to generate a viable model for the study of ATR function in
mammals.

Results

Strategy to develop a murine model of Seckel

One of the mutations that has been genetically linked to the Seckel Syndrome is a synonymous
A/G transition in exon 9 (E9) of the Atr gene11. The mutation promotes the skipping of this
exon during the splicing reaction, which results in a severe ATR hypomorphism. We decided
to use this information for the generation of a murine model of the human disease. Even though
the sequence of E9 and neighbouring exons are very conserved between mouse and human
Atr, the intronic sequences are highly divergent. We reasoned that since the Seckel mutation
affects splicing, the introns and splicing donor/acceptor sequences encompassing Atr E9 would
likely be necessary to recapitulate the molecular defect. Thus, our strategy was to swap the
entire murine genomic fragment encompassing exons 8, 9 and 10 (as well as their internal
introns) with the human counterpart and then introduce the Seckel mutation in the E9 of the
humanized murine allele (ATRS/S, Fig. 1a,b). ATRS/S MEF presented a dramatic splicing
deficiency of the humanized transcript at the E8-E10 region; which led to a severe
downregulation of ATR protein levels comparable to that observed in cells from ATR-Seckel
patients (Fig. 1c-f). Sequencing of the main splicing product of ATRS/S MEF revealed that it
corresponded to an aberrant transcript that had skipped E9. Thus, the molecular behaviour of
the humanized murine allele developed in this work faithfully recapitulates that of the mutant
Atr gene previously linked to SS.

Recapitulation of the Seckel Syndrome in ATRS/S mice

ATRS/S mice were born at a sub-mendelian ratio (χ2, P<0.0001; ATR+/+[31.8%]|
ATR+/S[57.8%]|ATRS/S[10.4%]) and presented a severe dwarfism which was already
noticeable at birth (Fig. 2a-d). Noteworthy, mutant placenta showed an accumulation of
necrotic areas and overall loss of cellularity, which could also contribute to the dwarf phenotype
regardless of intrinsic developmental defects (Supplementary Fig. 1). In addition to the overall
dwarfism, Seckel mice presented a disproportionate decrease in the dimension of their heads,
or microcephaly (Fig. 2e and Supplementary Fig. 2). Remarkably, the heads of the mutant mice
were not only small but also dysmorphic, presenting several anomalies including the
micrognathia and receding forehead characteristic of the human disease (Fig. 2f and
Supplementary Fig. 2). While acknowledging the obvious different facial features of mice and
humans, the receding forehead phenotype led to the appearance of a protruding nose in

Murga et al. Page 2

Nat Genet. Author manuscript; available in PMC 2010 July 12.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



ATRS/S mice, which is reminiscent of the “bird-head” phenotype that originally gave name to
the disease (Fig. 2e).

Consistent with the microcephaly, Seckel mice presented a reduction in the size of their brains
(Supplementary Fig. 3a). Moreover, Magnetic Resonance Imaging (MRI) analysis revealed
profound abnormalities in the brains of ATRS/S mice which included the presence of cysts (6/8
mice analysed) and Agenesis of the Corpus Callosum (AgCC, 8/8 mice) (Fig. 2g). These MRI
scans are strikingly similar to those previously obtained from the human SS patients13.
Consistent with the AgCC observed by MRI, histology revealed a dramatic loss of astrocytes
at the corpus callosum of the mutant animals (Supplementary Fig. 3b). Together, these findings
suggest that the “bird-head” appearance of Seckel patients derives from a primary
developmental defect on the formation of the brain.

Besides the brain; ovaries, testes and all tissues of the haematopoietic compartment of the
mutant animals were significantly reduced in size (Supplementary Fig. 4a). Interestingly,
whereas at birth ATR levels were reduced in all organs, the difference became postnatally
attenuated in some of them such as the testes or lungs (Supplementary Fig. 4b). This might
represent a selection for cells in which the percentage of productive splicing was highest among
the initial population, and which will particularly occur in tissues with higher replicative
indexes. Regardless of its origin, the selective regain of ATR levels suggest an essential role
for even minimal amounts of the protein in these organs, as recently described for
spermatogenesis in studies performed with a conditional Atr allele14.

The recovery of ATR levels in highly proliferating organs suggests that they could gain a
proficient -or at least sufficient- ATR response at adulthood. In agreement with this idea, in
vitro fertilization could be successfully completed with ATRS/S sperm. In contrast to
spermatogenesis, and since all the proliferation linked to oogenesis takes place in the embryo,
female gametogenesis would not allow for a postnatal selection of ATR levels and a meiotic
defect might persist in the adult. Indeed, no viable oocytes could be obtained even after
hormone-induced superovulation of the mutant animals (n=6) and ATRS/S ovaries showed a
near complete absence of maturing oocytes (Supplementary Fig. 5a). Whereas the ovaries from
newborn ATRS/S animals showed an almost normal density of primordial follicles, a high
proportion of these follicles were undergoing degeneration, which is likely indicative of a
meiotic recombination defect and would explain the later absence of oocytes in the adult
(Supplementary Fig. 5b,c). Importantly, none of the phenotypes found on Seckel mice were
detected in a control strain that carried the same humanized allele but without the SS mutation
(Fig. 2h,i; Supplementary Fig. 6). Regardless of our novel observations, ATRS/S mice
recapitulates all the phenotypic manifestations that are used in the clinic for the diagnosis of
SS, including the “bird-headed dwarfism” that originally named the disease.

Development of a progeroid phenotype in Seckel mice

Even though the mutant animals were already smaller at birth, the dwarfism became
progressively accentuated in the subsequent months. Ultimately, Seckel mice died with less
than half a year presenting a cachexic appearance (Fig. 3a). ATRS/S mice displayed several
phenotypes associated with ageing which included hair graying, kyphosis, osteoporosis,
accumulation of fat in the bone marrow (BM), decreased density of hair follicles and thinner
epidermis (Fig. 3be and data not shown). Analysis of peripheral blood revealed pancytopenia,
with decreased numbers of red, white or platelet cells, as it has been reported in Seckel patients
(Fig. 3f)15. Altogether, these phenotypes indicate the development of a progeroid syndrome in
Seckel mice.

To evaluate whether the ageing phenotype was linked to a dysfunction of Stem Cell (SC)
compartments, and due to the presence of pancytopenia, we centred our analyses in the
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hematopoietic SC (HSC) compartment; one of which is best understood and which dynamics
have been analyzed in its relationship to ageing16. As mentioned, a first indication of a
dysfunctional HSC compartment was the general decrease in cellularity and accumulation of
adipose tissue of the ATRS/S BM, which is also observed during normal ageing17. Consistently,
the analysis of the HSC compartment of the Seckel animals showed similar features to those
previously observed in aged mice or humans (Supplementary Fig. 7a-c). First, the frequency
of LSK (Lin−Sca1+Kit+) cells was reduced in the BM of Seckel animals. Second, the fraction
of LT-HSCs was increased and that of the MPPs reduced, within the mutant LSK
population18,19. In summary, the HSC compartment of young ATRS/S mice resembles that of
aged animals.

To determine whether the altered frequency of ATRS/S HSCs was due to cell autonomous
effects, we performed mixed BM reconstitution experiments into irradiated wt hosts.
Interestingly, and in contrast to other mouse models with deficient DNA repair3, Seckel BM
was found to be equivalent to wt BM in its capacity to reconstitute the granulocyte compartment
and was also able to give a significant reconstitution of the lymphocyte compartment
(SupplementaryFig. 7d,e). Nonetheless, even though ATRS/S HSCs display a significant
repopulating potential when injected into a wt host, the presence of pancytopenia and altered
HSC frequencies indicates that non-cell autonomous factors, such as the deterioration of SC
niches, must account for their altered function within the mutant mice. As for the HSCs, the
overall loss of cellularity, osteoporosis and accumulation of fat on the BM will support this
notion. Accordingly, reconstitution of Seckel animals with wt BM does not restore normal
thymus size (data not shown). In summary, the presence of pancytopenia in ATRS/S mice
derives from altered HSC frequencies that resemble those found in ageing, which likely result
from the degeneration of the niche that supports their function.

Besides the generalized age-related decline in organ function, recent works have revealed that
human ageing triggers a specific molecular signature, which is characterized by an overall
dampening of the IGF-1/GH somatotroph axis20,21. Moreover, this response has also been
found in murine models of progeria, revealing important molecular similarities between these
phenotypes and normal ageing22,23. Transcriptional profiling of livers and brains obtained from
3-month old animals revealed such a hallmark on ATRS/S tissues (Supplementary Fig. 8).
Interestingly, whereas the dampening of the IGF-1 pathway can also be artificially induced in
mice by genotoxic agents22,23, we failed to find any significant increase in the amount of
endogenous DNA damage in these organs in postnatal life (as measured by γH2AX signal or
the presence of 53BP1 foci). This is particularly telling in the case of the brain, since given its
non-replicative nature ATR should have a limited role in this organ in protecting against
postnatal RS. Altogether, our animal, cellular and molecular data demonstrate that the
introduction of the Seckel mutation in the mouse leads to the development of a progeroid
syndrome that limits the lifespan of the animals.

Seckel as a consequence of an embryonic ATM/DNAPK-dependent DDR

One possibility to reconcile the dampening of IGF-1 on adult tissues in the absence of
contemporaneous DNA damage is that this transcriptional programme was initiated in response
to an exposure to DNA damage at a previous stage. To determine the cell autonomous effects
that could be causative of the phenotype during fetal development, ATR+/+ and ATRS/S MEF
were analysed. Like human Seckel cells11, ATRS/S MEF were sensitive to UV or MMS
(Supplementary Fig. 9). Nonetheless, even if Seckel MEF were not exposed to exogenous
damage, proliferation rates decreased sharply and mutant cells rapidly entered senescence (Fig.
4a). Of note, this happened regardless of whether the cultures were maintained under normoxic
conditions. The growth arrest of ATRS/S cells was concomitant with an accumulation of cells
at the G2 stage of the cell cycle, which is consistent an activation of the DDR due to replicative
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damage (Fig. 4b). In agreement with this, ATRS/S MEF presented a high frequency of cells
showing pan-nuclear staining of γH2AX, which is indicative of RS (ATR+/+: 0%; ATRS/S: 7.6
±2.3%) (Fig. 4c). In contrast to the γH2AX foci that are present in all cells upon exposure to

ionizing radiation, the pan-nuclear staining of γH2AX is equivalent to the one found by

inducers of RS such as hydroxyurea (HU), and occurred only in cells which were positive for

nuclear cyclin A (Supplementary Fig. 10). Nevertheless, and despite the accumulation of RS,

many of the mutant cells also presented 53BP1 foci, which would indicate replication fork

collapse and accumulation of DSBs in replicating ATRS/S cells. Accordingly, ATRS/S

metaphases presented a high frequency of chromosomal breakage which, consistent with the

known role of ATR in maintaining the stability of stalled replication forks24-26 and suppressing

fragile site expression27,28, frequently occurred at fragile sites (Fig. 4d-f). Thus, Seckel MEF

are unable to sustain proliferation ex vivo due to the activation of a RS-initiated DDR.

We then investigated which was the kinase responsible for activating the DDR in ATRS/S MEF.

Whereas a DNAPKcs inhibitor had no obvious effect, a combined treatment with ATM and

DNAPKcs inhibitors virtually eliminated all the γH2AX signal -and 53BP1 foci- in Seckel

MEF (Fig. 5a,b). We therefore tested whether the use of the inhibitors could alleviate the growth

arrest. However, whereas treatment with the inhibitors alleviated the G2 arrest of the mutant

cells (Fig. 5c), this did not translate into a better growth. On the contrary, ATM and DNAPKcs

inhibitors were particularly toxic for Seckel MEF (Fig. 5d). Consistent with the synthetic lethal

effects observed in vitro, ATM deficiency led to embryonic lethality when combined with

ATRS/S (data not shown). In summary, the severe downregulation of ATR in MEF leads to the

activation of an ATM- and DNAPKcs-dependent DDR in replicating cells due to the

accumulation of RS.

Accumulation of RS in Seckel embryos

We finally evaluated whether evidences of RS could also be detected in vivo. To this end,

γH2AX distribution was analyzed in 13.5 dpc embryos (Supplementary Fig. 11; Fig. 6a).

Strikingly, whereas almost no γH2AX is normally detected in wt embryos, ATRS/S littermates

showed a dramatic accumulation of cells with pan-nuclear γH2AX throughout the entire

embryo. p53 and activated-caspase 3 showed a similar distribution, as proof that many cells

were being eliminated by apoptosis at this stage (Fig. 6b,c). Importantly, a similar analysis

only revealed a marginal increase of RS or apoptosis in tissues or cells from adult mutant mice

such as the brain, colon, BM, proliferating B cells, stomach, liver, lung, kidneys, skin or heart

(Fig. 6d and data not shown). The previous result could reflect the high replicative activity of

the embryonic stages in contrast to adult tissues. One exception to this occurred on the brain,

which undergoes a rapid proliferative burst in the first days of life. In this case, both the

embryonic as well as the newborn brain presented apoptosis and RS in the replicating areas

(Supplementary Figure 12a-c). In contrast, no proliferation or differentiation defects were

observed (Supplementary Fig 12d). It is likely that the particular proliferative expansion of the

brain, even within the first days of postnatal life, can contribute to the microcephaly of the

mutant animals due to the effects of RS-driven apoptosis. Altogether, our data reveal that Seckel

embryos present a generalized activation of the DDR, which is signalled by ATM and DNA-

PKcs, and which becomes marginal in postnatal life.

p53 deficiency accelerates ageing initiated by RS

Given that Seckel embryos showed a generalized accumulation of p53, we tested whether p53

deficiency could mitigate some of the ageing phenotypes of the mutant mice. Surprisingly,

ATRS/S/p53−/− double mutant animals were born at a very low rate (1.02% from ATR+/S/

p53+/− intercrosses, n=294), and the few mice that were born presented a more dramatic

progeroid syndrome than their ATRS/S/p53+/+ littermates (Supplementary Fig. 13). As a

consequence, no ATRS/S/p53−/− mice survived for more than 2 months.
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To determine the molecular mechanism by which p53 deficiency exacerbates the Seckel
phenotype, ATR+/+ and ATRS/S MEF were infected with control and p53 shRNA-expressing
retroviruses. Strikingly, whereas the downregulation of p53 in wt MEF slightly increased their
growth, it led to a dramatic loss of viability of the mutant cultures accompanied by massive
nuclear abnormalities (Fig. 7a,b). One possibility was that the loss of p53 could be driving G2-
arrested cells to mitotic catastrophe. On the contrary, p53 depletion in ATRS/S MEF led to a
further accumulation of cells in G2 as well as a fourfold increase in the number of cells
presenting pan-nuclear γH2AX staining, which indicates that the increased growth rates
associated with p53 loss had led to an increase amount of RS on Seckel cells (Fig. 7c,d). In
principle, if p53 loss occurs on a background of ATR proficient cells, these cells should still
be able to deal with the higher replication rates and to avoid the development of RS.
Consistently, whereas p53−/− embryos do not present evidences of RS (Supplementary Fig.
14), ATRS/S/p53−/− embryos showed a dramatic increase of cells with pan-nuclear γH2AX
when compared with their ATRS/S littermates (Fig. 7e,f). Moreover, p53 deficiency further
increased the number of cells that were eliminated by apoptosis on Seckel embryos, which
explains the increased dwarfism of the double mutant animals (Total levels of apoptosis in the
embryos: ATRS/S/p53+/+: 1.8 ± 0.3%, ATRS/S/p53−/−: 6.3% ± 1.1%). In summary, the loss of

p53 leads to an increase in the amount of RS suffered by Seckel embryos, which leads to an

aggravation of the Seckel phenotypes and further accelerates the onset of ageing on SS mice.

Discussion

ATRS/S as a model for the Seckel Syndrome

The Seckel strain developed in this study recapitulates the human disease to a remarkable

extent. In addition to the overall appearance, the previously reported observations including

chromosomal instability15,28-30, progeria or senile appearance15,31-33 and pancytopenia15

were all present in Seckel animals. In addition, we also obtained novel data that can help to

understand some of the Seckel phenotypes. These included a specific depletion of astrocytes

at the corpus callosum as an explanation for the AgCC, the degeneration of the BM and

associated HSC dysfunction as the cause of pancytopenia or the placental atrophy and

generalized activation of an apoptotic DDR in the embryo as an explanation for the dwarfism.

Of particular relevance is the finding that microcephaly could be, at least in part, explained by

the exponential replicative expansion that the brain undergoes in the first days of life, which

makes it more susceptible to mutations that promote RS.

It is important to note that SS is a variegated disease which has been mapped to 4 different

loci, from which only two -Atr and pericentrin- have been identified11,34. Hence, the severity

of the phenotypes might differ from case to case. In what regards to the clinical observations

made specifically on Atr- Seckel patients and, in addition to the phenotypes described above;

these patients presented microcrania with fused sutures, dental malocclusion and a deficient

closure of the fontalelles35, all of which were frequent in ATRS/S mice (see Supplementary

Fig. 2). Whereas no pancytopenia was reported, the patients were infants at the time of analysis

and such a symptom might still develop in the life of the patients. Altogether, we believe the

murine model generated in this study constitutes a valid platform for the investigation of the

causes, consequences and putative approaches to SS therapy in the laboratory.

Postnatal consequences of an embryonic exposure to DNA damage

In all of the previously published progeroid models the damage particularly accumulated after

birth1,3. However, whereas we found a generalized activation of the DDR in ATRS/S embryos,

we failed to detect a similar increase of endogenous damage on adult tissues. Based on this

observation we would want to propose that the accumulation of RS in the embryo has a severe

impact on the future onset of ageing and overall well being of adult mice. We here substantiate
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our proposal based on a number of arguments. First, organs that are highly proliferative in the
adult Seckel mice undergo a selection process so that ATR levels become close to wt. Thus,
even if adult ATRS/S animals are ATR proficient in many of their regenerating organs this does
not prevent the onset of progeria. This is in agreement with the normal functioning of
ATRS/S sperm or HSCs when transplanted into a wt host. Second, the acceleration of the ageing
phenotype in p53 deficient ATRS/S mice correlates with a higher accumulation of RS during
embryogenesis. Third, adult organs with embryonic RS but no evidence of DNA damage in
postnatal life present a transcriptional signature of “aged” organs. Noteworthy, this
transcriptional response is activated by the exposure to DNA damage22,23. Finally, even
though the elimination of ATR in one-month-old mice leads to the development of a number
of progeroid symptoms14, these mice can survive for up to 19 months (Eric Brown, p.
communication). This comparison, by itself, formally proves that embryonic ATR deficiency
has a significant impact on future lifespan. One possibility to explain this phenomenon is that
the generalized loss of cells by apoptosis during embryogenesis can compromise future stem
cell functioning by both limiting SC pools, but particularly because of an alteration of SC
niches, as we have seen in the case of HSCs. Taking all together, we propose that the generalized
exposure to DNA damage of ATRS/S embryos is responsible for the initiation of a progeroid
programme that drives young animals into senescence.

The concept of embryonic dysfunction leading to problems in adulthood has previously been
described as “intrauterine programming” (IP)36-38. Among other things, IP has been associated
to the onset of type-2 diabetes, obsesity, hypertension, cardiac dysfunction, kidney disorders,
autoimmunity and osteoporosis. Since the 1920s, a decreased size of the head and brain,
accompanied by mental retardation is known to be the main effect of fetal exposure to DNA
damage39. Furthermore, intrauterine radiation leads to AgCC in Swiss mice40. Interestingly,
the main consequence of the prenatal exposure of rats to RS-inducing agents such as HU was
the presence of a number of craniofacial malformations including micrognathia, which is a
hallmark of SS40. Nevertheless, all of these works evaluated the effects of an acute intrauterine
exposure to genotoxic agents so that it is likely that a persistent source of RS, such as in the
case of the Seckel embryos, would lead to more prominent and lasting effects. We here would
want to add ageing to the list of adult phenotypic manifestations that can arise as a consequence
of intrauterine distress.

Ageing by p53 loss

In what relates to ageing, previous genetic experiments in murine models of progeria had
invariably shown that the absence of p53 relieves some of the growth disadvantages and, if no
cancer arises, enhances the life-span of these animals41. Unexpectedly, p53 loss accelerates
the ageing of Seckel mice. Besides its effects on ageing, it should be noted that p53 loss also
aggravated the “bird-headed dwarfim” phenotypes of the SS animals, this being the first
instance in which a connection between p53 loss and microcephalia has been shown. The
explanation for this phenomenon seems to lie on the effects of normal levels of p53 on cell
cycle progression. Since some of the p53 targets like p21 are well-known inhibitors of CDK
activity42, it is reasonable to think that a modest increase in CDK activity due to p53 loss might
enable slightly faster replication kinetics. While ATR-proficient cells may cope with this
increase in replication rate, it exacerbates the accumulation of RS when ATR signalling is
compromised. Therefore, in the context of the Seckel mutation, the increased amount of
damage generated by p53 loss counterbalances the loss of checkpoint function of this TS,
further increasing the amount of cells eliminated by apoptosis during embryogenesis. Along
these lines, a recent work revealed that loss of Chk1 leads to p53-independent apoptosis in
zebrafish, so that a similar pathway might be operating in the ATRS/S/p53−/− animals 43.
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Besides its implications for ageing, the synthetic lethal effects of ATR and p53 suggest that
fine-tuning of ATR inhibitors could be explored for the selective elimination of p53 deficient
tumours. Along these lines, our results can also help to explain the increased sensitivity of p53
deficient tumours to UCN-01, a chemical inhibitor of the ATR target Chk144. Importantly, it
is reasonable to think that the synthetic lethal effects of RS with p53 loss could be extensible
to other genetic changes that promote faster replication rates, as is the case in many cancer-
associated mutations. In this regard, a recent report has shown the counterintuitive finding that
p21 loss, in the context of an oncogene that generates DNA damage associated to replication,
is tumour suppressive45. Thus, in the context of RS, mutations that promote proliferation will
boost RS rates even further which, if too high, can limit the viability of the cells. Of note, this
is not the first evidence of an ageing suppressive function of the p53 response, since transgenic
mice carrying extra alleles of p53 and p19ARF were shown to have an increase in the median
life-span46. However, our data provide the first genetic evidence showing that p53 loss might
promote ageing in vivo.

ATR and cancer

Death of Seckel animals was associated with a generalized organic failure, which several
organs showing phenotypes that are reminiscent of age-related dysfunction. Nevertheless, in
what regards to cancer, and even if ATR has been already shown to be a haploinsufficient
tumour suppressor47, no tumours were ever detected on ATRS/S mice, not even in the absence
of p53. One potential explanation is that the toxic effects of the high levels of RS that are linked
to severe ATR hypomorphism may counterbalance the increased mutagenicity of Seckel cells.
In this manner, whereas a small decrease of ATR might promote cancer, a severe dampening
of the ATR response might in contrast be tumour suppressive. Similarly, whereas Chk1 is a
haploinsufficient tumour suppressor48, Chk1 inhibitors are currently being used to kill cancer
cells. One striking example of this dichotomy is XPF, where mild mutations are associated
with increased cancer susceptibility, whereas mutations that further compromise XPF activity
promote progeria23.

In summary, we have here developed a murine model of the ATR-Seckel syndrome, which
faithfully recapitulates the symptoms that have been linked to the human disease and provides
a viable model for genetic studies of ATR function in a mammalian organism. Our analysis
has revealed that Seckel arises as a consequence of the accumulation of RS during embryonic
development, which triggers an ATM-dependent DDR with life-lasting consequences. We
believe that incorporating ageing into the battery of phenotypes that can be influenced by fetal
distress will help to understand the variability of the ageing process that is observed between
individuals.

METHODS

Mice and MEF, and human cells

All animals were kept in a Specific-Pathogen-Free (SPF) barrier zone. Targeting constructs
for the generation of humanized ATRS/S and ATRHs/Hs alleles were generated by
recombineering (Genebridges) and used for the generation of heterozygous ES cells. Animals
were screened by PCR using the following primers;
3'E8:GGAATAAATCCATGGAAGTGAGAGCAT, 5'N:
TCCTCGTCTTTACGGTATCGCC and 5'I7: CACTGGCCTCACAGACTTCAGCATG
which yield 500 and 330 bp products for the mutant or wt alleles, respectively. p53 deficient
mice have been described before49. MEF were isolated from 12.5 dpc embryos. RT-PCR for
splicing at the E8-E10 boundary was performed with primers described before11. Cell cycle
was analysed by flow cytometry with propidium iodide. ATM and DNAPKcs inhibitors were
kindly provided by Graemme Smith (Astrazeneca, UK) and used at 50 nm and 5 μm,
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respectively. Human control and ATR-Seckel fibroblast lines have been described before and
were a kind gift of Mark O'Driscoll11.

Metaphase analysis

Analyses of genomic instability were performed on metaphases prepared from MEFs which
were treated with 0.1 μg/ml colcemid for one hour. Metaphases were prepared by incubation
with 0.1M KCl solution followed by fixation in 3:1 methanol / acetic acid. Telomere repeats
were detected by hybridization of a Cy3-conjugated PNA probe. Biotinylated probe for Fra8E1
was prepared by nick translation of a BAC (gift of Thomas Glover). Slides were hybridized
overnight, then washed three times in 50% Formamide/2x SSC at 37ºC, three times in 0.1x
SSC at 60ºC, and finally in 4x SSC/Tween 20 at 37ºC. Biotinylated probe was detected with
streptavidin-Cy5 (Roche). FISH-labeled images were captured using a Zeiss AxioImager M1
epifluorescence microscope (Carl Zeiss MicroImaging Inc, Thornwood, NY) running Metafer
(Metasystems Group Inc., Watertown, MA).

p53 downregulation

Control and p53 targeting shRNAs were a kind gift from J. M. Silva (Columbia University,
USA). Lentiviral infections were done using standard procedures. To measure the effect of the
infection on cell growth and viability, cells were first infected and selected with puromycin. 3
days after selection, an equal number of cells was seeded on a 10 cm dish, and the viability of
the cultures was analysed 24 hrs after plating.

Immunofluorescence and immunoblotting

γH2AX (Upstate biotechnology), ATR (Serotec), 53BP1 (Novus Biologicals), p53
(Novocastra) as well as secondary antibodies conjugated with Alexa 488 or Alexa 594
(Molecular probes) were used. Image acquisition was done using a Zeiss Imager Z1
fluorescence microscope with Apotome™ technology. The HT-microscopy mediated analysis
of the DDR has been described before50. Briefly, cells were grown on μCLEAR bottom 96
well dishes (Greiner Bio-One), and analyzed on a BD Pathway™ 855 BioImager (Beckton
Dickinson). Image analysis was performed with the AttoVision software (Beckton Dickinson).
All the images for quantitative analyses were acquired under non-saturating exposure
conditions. Western analysis were performed on the LICOR platform (Biosciences).

IHC

13.5dpc embryos were fixed in formalin and embedded in parafinn for subsequent processing.
Consecutive 2.5 μm sections were treated with citrate for antigenic recovery and processed for
immunohistochemistry with γH2AX (Upstate), p53 (Novocastra) and activated caspase 3
antibodies. Apoptosis rates were based on the activated caspase 3 signal. Hematoxiline was
used to counterstain. Genotyping was performed from a piece of tail. Whole embryo IHCs
were scanned with a MIRAX digitalized system (Zeiss) and the digitalized images are available
upon request.

Whole body imaging

Whole body imaging was performed on anesthetized animals using the eXplore Vista PET-CT
(GE Healthcare) and a 7 testla Pharmascan (Bruker). MMWKS software (GE Healthcare) was
used for the quantification of the mineral density at the femoral area.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation of a humanized allele of the Seckel Syndrome

a, Schematic representation of the strategy to generate the mutant allele. The rearranged allele
contains the genomic region encompassing human exons 8-10 (pink) inserted into the
equivalent region of the murine Atr gene (red exons). The SS mutation is indicated in E9. b,

Visualization of the location and sequence homology of the humanized ATR protein in the
region encoded in E8-E10. The full-length quimeric protein presents a 99.1% homology with
murine ATR. c, PCR genotyping, d, RT-PCR of ATR with primers at E8 and E10 and e, ATR
western blot, of littermate MEF lines (c-e). f, ATR western blot in human fibroblast lines 1BR3
(control) and F02-98 (Seckel), together with ATR+/+ and ATRS/S MEF.
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Figure 2. ATRS/S mice recapitulate the human SS

a, Representative pictures and weights of ATR+/+ and ATRS/S mice at 3 months of age a,b or
at birth c,d. e, Picture of the heads of ATR+/+ and ATRS/S littermates. An outline is drawn to
illustrate the protruding nose appearance (red arrow) due to the receding forehead. f,
Computerized tomography (CT) of the heads of ATR+/+ and ATRS/S littermates illustrating
the receding forehead (1) and micrognathia (2). g, MRI scans illustrating the AgCC (1) and
the presence of cysts (2) on Seckel brains. h, Schema of the control allele (ATRHS) which is
identical to ATRS but lacks the SS mutation. i, Representative picture of a couple of 3 month-
old ATR+/+ and ATRHS/HS littermates.
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Figure 3. Premature ageing of ATRS/S mice

a, Kaplan-Meyer representation of the lifespan of ATR+/+ (n=20) and ATRS/S (n=27) mice.
b, CT of a pair of 2 month-old Seckel and control littermates, as well as an old (25 months)
ATR+/+ mouse. The yellow arrow indicates the presence of kyphosis. c, H/E staining from the
femoral head of a pair of 2 month-old Seckel and control male littermates, as well as an old
(25 months) ATR+/+ male mouse to illustrate the accumulation of fat in the BM (black arrows).
Scale bar indicates 200 μm. d, Distribution of the femoral bone density in ATR+/+, ATRS/S

and old (25-26 months) ATR+/+ mice as a measure of the osteoporosis (n=7) (H.u.: Hounsfield
unit). No significant gender differences were observed. e, Counts of platelets, red (RBC) and
white (WBC) blood cells obtained from 3 month old ATR+/+ and ATRS/S mice.
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Figure 4. Accumulation of RS in ATRS/S MEF

a, Growth curves of ATR+/+ and ATRS/S MEF. b, Percentages of cells at the G2 stage of the
cell cycle derived from the analysis of DNA content by flow cytometry. c, Distribution of
γH2AX and 53BP1 on ATR+/+ and ATRS/S MEF. Scale bar indicates 5 μm. d, Average number
of chromosome breaks per cell on control and Seckel metaphases. f, Percentage of the Fra8E1
alleles that were found to be at a break by FISH analyses. e, Representative images of the type
of genomic aberrations found on ATRS/S MEF. Metaphases were stained with probes
recognizing the telomeres and the Fra8E1 fragile site. 50 metaphases were analyzed per
condition in 3 replicates.
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Figure 5. Response of ATRS/S MEF to PIKK inhibitors

a, High-Throughput microscopy data illustrating the distribution of γH2AX signal in wt and
ATRS/S MEF treated with ATM and DNAPKcs inhibitors. b, Representative image from the
analysis shown in a in the presence of both drugs. The distribution of 53BP1 is also shown
below. c, Effect of the inhibitors on the G2 arrest observed on ATRS/S MEF. d, Percentage of
dead cells found on ATR+/+ and ATRS/S MEF cultures after 24 hrs of treatment with the
inhibitors.
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Figure 6. Accumulation of RS on ATRS/S embryos

a, Immunohistochemistry (IHC) of γH2AX on the liver of 13.5 dpc wt and Seckel littermate
embryos. b, Examples of two representative areas of ATRS/S embryos, which were chosen
from organs that appear compromised on adult mice -such as the forebrain or the face-, that
illustrate the generalized accumulation of p53 or apoptotic cells (as measured with activated
caspase 3) on the mutant embryos. Scale bar (white) indicates 150 μm. c, Quantification of the
signals from b. d, Quantification of the frequency of cells with pan-nuclear γH2AX on different
organs of 13.5dpc embryo and 2 month old mice.
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Figure 7. Effect of p53 depletion on ATRS/S cells and mice

a, Relative number of cells alive on ATR+/+ and ATRS/S cultures after p53 depletion (see
Methods). The number was normalized to cells infected with a control shRNA expressing
lentivirus. b, Representative images of the type of abnormal nuclei found on p53 depleted
Seckel MEF. Scale bar indicates 5 μm. Effect of p53 depletion on the G2 arrest (c) and γH2AX
accumulation (d) observed on ATRS/S MEF. Scale bar indicates 100 μm. e, γH2AX IHC on a
sagital section of a 13.5 dpc ATRS/S/p53−/−embryo. f, Magnification of a region close to the
jaw on embryos from the different genotypes processed as in e. Scale bar indicates 50 μm.
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