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PARP-1 and ATM are both involved in the response to DNA strand breaks, resulting in induction of a
signaling network responsible for DNA surveillance, cellular recovery, and cell survival. ATM interacts with
double-strand break repair pathways and induces signals resulting in the control of the cell cycle-coupled
checkpoints. PARP-1 acts as a DNA break sensor in the base excision repair pathway of DNA. Mice with
mutations inactivating either protein show radiosensitivity and high radiation-induced chromosomal aberra-
tion frequencies. Embryos carrying double mutations of both PARP-1 and Atm genes were generated. These
mutant embryos show apoptosis in the embryo but not in extraembryonic tissues and die at embryonic day 8.0,
although extraembryonic tissues appear normal for up to 10.5 days of gestation. These results reveal a
functional synergy between PARP-1 and ATM during a period of embryogenesis when cell cycle checkpoints are
not active and the embryo is particularly sensitive to DNA damage. These results suggest that ATM and
PARP-1 have synergistic phenotypes due to the effects of these proteins on signaling DNA damage and/or on

distinct pathways of DNA repair.

To survey the integrity of their genomes, eukaryotic cells
have evolved a sophisticated network of proteins that play
important roles in cell cycle regulation, stimulation of the
DNA repair machinery, and alteration in the expression of
genes necessary for the cell’s recovery, survival, or apoptosis.
Among these factors, PARP and ATM are both multidomain
proteins with multiple cellular substrates that play a critical
regulatory function in the coordination of the cellular pro-
cesses of DNA repair and cell cycle checkpoint control.

The involvement of PARP-1 in the base excision repair
(BER) pathway has been established in mice with genetic in-
activation of PARP-1. Treatment of PARP-1~/~ mice with
either alkylating agents or +y-irradiation, both of which trigger
the BER pathway, reveals an extreme sensitivity to and a high
genomic instability in the presence of both of them. Treatment
with alkylating agents, which activates PARP-1 in normal cells,
causes PARP-1"'" splenocytes to undergo apoptosis extremely
rapidly, with a stabilization of p53 (20). The extreme sensitivity
of PARP-1""" cells to these agents could be explained by the
accumulation of unrepaired DNA damage. This view is sup-
ported by the fact that PARP-1~'~ cells have a considerably
prolonged delay of DNA strand break rejoining (3, 31).
Whole-cell extracts from a PARP-deficient cell line are specif-
ically defective in the polymerization step of the BER pathway
(6, 7). In vivo, PARP-1 is strongly associated with XRCC1, a
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DNA repair protein linked to DNA polymerase f and DNA
ligase III in the BER complex (19). Therefore, PARP-1 ap-
pears to play a key role in detecting DNA strand breaks and
recruiting a DNA repair factor(s), allowing the cell to repair in
a window of time compatible with cell cycle progression (24).
Ataxia telangiectasia (A-T) is a human autosomal recessive
disorder characterized by a pleiotropic phenotype that includes
progressive cerebellar degeneration, premature aging, cellular
and humoral immune defects, growth retardation, telangiecta-
sia, high sensitivity to ionizing radiation (IR), high incidence of
cancer, and gonad atrophy. At the cellular level, A-T is char-
acterized by chromosomal instability, radio-resistant DNA syn-
thesis, hypersensitivity to IR (12, 27), and defects in recombi-
national repair (4, 22). In addition A-T cells grow slowly and
exhibit defective induction at all checkpoints in response to
DNA strand breaks. This may in part reflect the fact that A-T
cells exhibit delayed induction of p53 in an IR-induced DNA
damage-signaling pathway (14, 15, 34). The gene consistently
mutated in A-T patients, Atm, belongs to the phosphatidylino-
sitol 3’-kinase superfamily, a family of signal transduction pro-
teins which possess a serine/threonine protein kinase activity
(25, 35). Upon DNA damage, the ATM-p53-mediated check-
point requires activated ATM, which in turn activates p53.
Atm-deficient mice recapitulate the A-T phenotype in humans
(2, 4, 8, 33): they are sterile and exquisitely sensitive to IR.
ATM also regulates pathways important for DNA repair.
Cell lines established from Atm-deficient mice, like those from
A-T patients, exhibit a defect in genomic stability as well as cell
cycle checkpoint abnormalities after IR (2). BRCA1 and NBS1
are direct targets of ATM and participate directly in DNA
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TABLE 1. Genotype analysis of PARP Atm embryos from heterozygous matings

Intercross Age of progeny No. of pups/litter

No. of embryos (% of total) with Afm genotype:

+/+ +/— —/-

PARP** Atm™/~ Newborn 9.6+ 0.7 77 28 (36) 33 (43) 16 (21)

PARP™~ Atm*/~ Newborn 41+12 123 30 (24) 93 (76) 0
El45 31 8 (26) 23 (74) 0
E8.0-E11.5 60 14 (24) 29 (48) 17 (28)

repair pathways (5, 10, 11, 17, 32, 36). It is unclear which
phenotypes in A-T patients or Atm-deficient mice are the re-
sult of defects in checkpoint function or DNA repair. The
phenotypes of each of the single-mutant mice are likely attrib-
uted to the defect in sensing, repairing, or signaling DNA
breaks. The mechanisms by which PARP-1 and ATM perform
these various functions remain not totally characterized. We
therefore investigated the relationship between PARP-1 and
ATM in the whole animal. In this work, we show that the
double mutation of both Atm and PARP-1 genes in the mouse
leads to an early postimplantation lethality of the embryo at
embryonic day 8.0 (E8.0), with extensive cell death in the
embryo at E11.5. Since this period of embryogenesis is one of
extreme sensitivity to DNA damage due to rapid proliferation
and lack of checkpoints (13, 28), these results suggest that
PARP-1 and ATM act synergistically in pathways that either
monitor or repair DNA damage during mouse development.

MATERIALS AND METHODS

Mice. PARP-1 and ATM single-mutant mouse lines have been described
previously (2, 20). PARP-1"'~ Atm™'~ doubly null embryos were obtained by
intercrosses of PARP-17'~ Atm™'~ mice. Genotypes were determined by PCR
on yolk sac DNA (primers and PCR conditions are available upon request).

Histological analysis. Decidua were collected in 10 mM phosphate-buffered
saline, pH 7.2, and then fixed in Bouin’s fluid for 14 h, dehydrated, and embed-
ded in paraffin. Serial sections (6 wm thick) were cut and stained with hematox-
ylin and eosin.

RESULTS AND DISCUSSION

PARP-1 and ATM are essential together for early embryonic
development. Mice heterozygous for Atm (2) were crossed with
PARP-1""~ mice (20) to produce animals heterozygous for
both mutations. Doubly heterozygous mice (PARP''~
Atm™'7) were interbred to generate null mice for both geno-
types. No doubly homozygous mice were identified (not
shown). PARP-1"'~ Atm™'~ mice were generated; they were
viable and looked normal, but displayed an hypofertility phe-
notype (Table 1). PARP-1"'~ Atm™'~ mice were further inter-
crossed to generate doubly homozygous mutants, but genotype
analysis at term (n = 123) failed to identify any animal of this
genotype, whereas PARP-1"'~ Atm™*'* and PARP-1-'~
Atm™'~ mice were recovered in a 1:2 ratio. Blastocysts (E3.5)
were isolated from PARP-1~'~ Atm™'~ intercrosses by uterine
flushing and then genotyped by PCR. Double-knockout (KO)
embryos were detected at this stage, suggesting that deficiency
of both PARP-1 and ATM resulted in early postimplantation
embryonic lethality. Cumulative typing of litters at different
stages of gestation demonstrated that double-KO embryos ap-
peared up to E11.5 at a normal Mendelian ratio but displayed
a severe retardation in their development.

PARP-17'~ Atm™'~ embryos die by apoptosis shortly after
the onset of gastrulation. In order to determine the cause of
the death of the double-null mutants, litters from PARP-1"/~
Atm™'~ intercrosses were analyzed at different developmental
stages. The earliest defects were observed at ES8.0. Normal
E8.0 embryos (i.e., PARP-1~'~ Atm™'* and Atm™*'~ embryos)
displayed prominent head folds (Fig. la and e), a foregut
pocket (Fig. 1e), and somites (Fig. 1le). The five PARP-1"'~
Atm ™'~ mutants genotyped at E8.0 were either severely growth
retarded (compare Fig. 1a and b) or appeared as empty yolk
sacs (data not shown; see below). Severely retarded E8.0 em-
bryos analyzed on serial histological sections (n = 3) were
arrested at a stage equivalent to E7.0, as they lacked head
folds, a foregut pocket, and somites (Fig. 1f); had a persistent
ectoplacental cavity (Fig. 1f); and already displayed a meso-
derm (Fig. 1h) as well as a small allantois (compare Fig. 1e and
f). However, these retarded embryos were markedly different
from normal E7.0 embryos due to the presence of numerous
pycnotic and fragmented nuclei, which were readily identifi-
able in the mesoderm and amniotic cavity (compare Fig. 1g
and h).

PARP-1"'~ Atm™'~ conceptuses genotyped at E9.5 (n = 4),
E10.5 (n = 6), and E11.5 (n = 2) appeared as yolk sacs capped
by the placenta (compare Fig. 1d with 1c; data not shown). At
all these developmental stages, the embryonic tissues were
replaced by a small mass of disorganized and loosely arranged
cells (Fig. 2a and e) containing a large proportion of pycnotic
and fragmented nuclei (about 30% at E10.5 [n = 2; Fig. 2b]
and more than 90% at E11.5 [n = 1; Fig. 2e and h]). In
contrast, the ectodermal and endodermal extraembryonic cells
of the PARP-1"/~ Atm™'~ conceptuses, such as trophoblast
cells (Fig. 2g) and parietal and visceral endodermal cells V
(Fig. 2c, d, and f and data not shown), did not show apoptotic
features. Along the same lines, numerous healthy primitive
blood cells had differentiated within the extraembryonic me-
soderm by E10.5 B (compare Fig. 2c and d). However, in E11.5
PARP-1"'~ Atm™'~ mutants, the primitive blood islands were
scarce and contained numerous apoptotic cells (Fig. 2f).

Altogether, these data indicate that PARP-1"'~ Atm ™'~ em-
bryonic tissues undergo apoptosis shortly after the onset of
gastrulation and that cell types that do not directly participate
in the formation of the embryo are relatively more resistant to
the loss of both PARP-1 and ATM.

PARP-1 and Atm act in concert to preserve genomic integ-
rity. In mammals, during early postimplantation development,
undifferentiated stem cells that form the epiblast sustain a high
cell division rate (28). To ensure survival, a tight surveillance of
genomic integrity is required. Recently, it has been shown that
wild-type embryos exposed to low doses of X rays during gas-
trulation have a very low threshold for DNA damage (13).
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FIG. 1. External views and histological sections of E8.0 and E9.5
normal (N, not genotyped; PARP-17'~ Atm™~ [—/—;+/-]) and
PARP-1 Atm double-null (—/—;—/—) conceptuses. The embryo in
panel ¢ was taken out of its yolk sac. Abbreviations: A, amnion; AC,
amniotic cavity; AL, allantois; EC, ectoplacental cavity; EM, embryo;
F, foregut pocket; H, head folds; P, placenta; S, somites; Y, yolk sac;
YC, yolk sac cavity. Small arrows, condensed nuclear fragments. The
same magnifications were used for panels a and b and for panels ¢ and
d. Scale bar (bar in panel h applies to panels e to h): 250 um (e and f)
and 25 pm (g and h).

During this restrictive developmental window, embryonic cells
undergo apoptosis without cell cycle arrest in response to a low
dose of genotoxic stress. Interestingly, only embryonic cells
become hypersensitive to DNA damage, not cells in the ex-
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traembryonic region. DNA damage might be tolerated in these
cells because they are transient and do not give rise to critical
lineages. Moreover, the same authors showed that low-dose
irradiation during early gastrulation of Atm-deficient embryos
does not induce an apoptotic response but that the embryos do
not survive, demonstrating that (i) Asrm is a key element in
preventing the activation of apoptotic pathways and (ii) apo-
ptosis is a safeguard mechanism to preserve genomic integrity
during the development (13).

As seen in any proliferative state, intense metabolism in
embryonic growth is accompanied by an oxidative burst that
may cause oxidative damage to genomic DNA. In the double-
mutant embryo both PARP-1- and ATM-mediated DNA re-
pair and cell signaling of DNA damage were defective, leading
to massive apoptosis of the embryo at the onset of gastrulation
because of the dramatic sensitivity to DNA damage during this
stage. That the extraembryonic tissue was less severely affected
was likely due to a lower cell division rate or to lower suscep-
tibility to apoptosis from persistent DNA damage, as shown in
IR-treated embryos during gastrulation (13).

Interestingly, similar embryonic lethality phenotypes at the on-
set of gastrulation were observed in mutant embryos lacking BER
factors, such as mutants lacking XRCC1 (30) and APE (REF)
(18), two proteins acting at different steps in the BER pathway.
APE and REF carry out repair incision at a basic site, allowing
DNA polymerase B to synthesize a short patch of DNA (for a
review see reference 26) which is ligated by DNA ligase I or III.
XRCCl is a scaffold protein linked to DNA polymerase  (16),
DNA ligase IIT (23), and PARP (19). XRCC1 plays a key role as
a stimulator of DNA ligase III (23) and as a negative regulator of
PARP activity (19). All embryos suffered an overall developmen-
tal arrest at E7.5 to 8.5, whereas extraembryonic tissues appeared
normal, suggesting that (i) these proteins are involved in the same
pathway and (ii) the loss of ATM may exacerbate the BER defi-
ciency in PARP-1""" cells.

We and others have previously shown that BER occurs to
some extent in PARP-1"'~ cells but at a much lower rate than
in wild-type cells (3, 6, 7, 31). PARP-1 is a member of a
growing family of PARP proteins; among them, PARP-2 (1),
another DNA damage-activated PARP, would likely function-
ally compensate for the lack of PARP-1. A gene-targeted de-
ficiency of Pol (29), encoding DNA polymerase B, resulted in
lethality at E10.5, suggesting that other DNA polymerases
(e.g., « and vy) have redundancy functions at least until mid-
gestation. It is interesting that neither DNA glycosylase is
necessary for development and survival in the mouse (reviewed
in reference 9), suggesting redundancy of function between
these enzymes. Then, a generalized deficiency of BER would
likely be lethal because of spontaneous accumulation of DNA
strand breaks and mutations.

BRCA1 and NBSI1 are targets of ATM kinase activity (5, 10,
11, 17, 32, 36). BRCA1-deficient embryos display a lethal phe-
notype similar to that due to the BER proteins (9). ATM could
play a role in regulating BRCA1 and NBSI1 functions involved
in multiple biological pathways that regulate cell cycle progres-
sion, centrosome duplication, DNA damage repair, and apo-
ptosis. As noted above, homologous recombination is defective
in Atm ™'~ cells (21) and mice (4). In consideration of these
points, the synergistic phenotype displayed by PARP-1 Atm
double mutants could be interpreted in two ways: ATM and
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FIG. 2. Histological and electron-microscopic analysis of E10.5 and E11.5 normal mice (N) and presumptive PARP-1 Atm double-null mutants
(=/—;—/—). Panels b and d represent high magnifications of areas similar to those designated in panel a by EM and Y, respectively. The inset in
panel e is a low-magnification view of the embryo and yolk sac displayed in panels e and f. (b and d) Abnormal E10.5 embryos; (e to h) abnormal
E11.5 embryos. Abbreviations: B, primitive blood islands; EM, embryo; M, maternal blood sinus; P, placenta; T, trophoblast cell; V, visceral
endoderm; Y, visceral portion of the yolk sac; YC, yolk sac cavity. Arrows, condensed nuclear fragments; double arrow, phagocytosis of one of these
fragments by an embryonic cell. Scale bar (bar in panel h applies to all panels): 280 wm (a), 15 pm (b), 20 pm (c and d to g), and 3 um (h).

PARP-1 participate in overlapping DNA damage signaling
pathways and/or PARP-1 and A#m regulate distinct forms of
DNA repair that partially compensate for each other. Since
PARP-1 and ATM participate in BER and homologoous re-
combination, respectively, we favor the latter interpretation.

In conclusion, our results shed light on the consequence of
the disruption of two important pathways for the surveillance
of the genome during cell proliferation (Fig. 3) and identify
PARP and ATM as “integrators” of signals emerging from
DNA strand-breaks and suggest that a limited functional com-
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FIG. 3. Signal transduction pathways leading to DNA repair and

checkpoint induction by PARP-1 and Asm. PARP-1 is activated by
breaks in DNA and is likely to recruit XRCC1 and the BER complex
on the site of the lesion, allowing efficient DNA repair and cell cycle
progression. ATM, a DNA double-stranded break enzyme, phosphor-
ylates pS3 specifically to selectively induce G, arrest via p21 transcription.

pensation is not excluded during cell proliferation since the
loss of both pathways exacerbates the phenotype of loss of
either pathway.
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