Hypersensitivity to DNA damage leads
to increased apoptosis during early

mouse development
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Gastrulation in mice is associated with the start of extreme proliferation and differentiation. The potential
cost to the embryo of a very rapid proliferation rate is a high production of damaged cells. We demonstrate a
novel surveillance mechanism for the elimination of cells damaged by ionizing radiation during mouse
gastrulation. During this restricted developmental window, the embryo becomes hypersensitive to DNA
damage induced by low dose irradiation (<0.5 Gy) and undergoes apoptosis without cell cycle arrest.
Intriguingly, embryonic cells, including germ cell progenitors, but not extraembryonic cells, become
hypersensitive to genotoxic stress and undergo Atm- and p53-dependent apoptosis. Thus, hypersensitivity to
apoptosis in the early mouse embryo is a cell fate-dependent mechanism to ensure genomic integrity during a

period of extreme proliferation and differentiation.
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Early postimplantation development in mammals is as-
sociated with a dramatic increase in the proliferation
rate of undifferentiated stem cells that form the epiblast
and with the start of differentiation within the embryo
(Solter et al. 1971; Snow 1977; MacAuley et al. 1993).
During this period of rapid proliferation, the cell cycle is
shorter than for adult cells, ranging from 3 to 7.5 hr
(MacAuley et al. 1993). The embryonic and extraembry-
onic lineages are separated first. Then, the embryonic
cells are separated into three distinct populations. These
populations of cells interact with each other to define
the primitive pattern and generate the tissue primordi-
als. During development, as during an animal’s entire
life span, cells are constantly subjected to environmental
and metabolic conditions that may cause damage to ge-
nomic DNA. If left unrepaired, these modifications
cause mutations that could result in loss of viability
(Lim and Hasty 1996; Ludwig et al. 1998). Mutations
incurred in early embryogenesis could be transmitted to
large populations of cells as embryogenesis proceeds.
These mutated cells might contribute to teratogenesis
and might be incorporated into the germ line. Therefore,
to ensure survival, cells are equipped with mechanisms
to repair these DNA modifications (for review, see Evan
and Littlewood 1998; Wang 1998). In addition, prolifer-
ating cells can also delay cell cycle progression to avoid
replication or segregation of damaged DNA. Finally, as a
safeguard, cells of multicellular organisms have the op-
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tion of undergoing apoptosis in response to DNA dam-
age.

Which of these survival strategies is used by mamma-
lian cells during early development in response to DNA
damage is unknown. Although embryos do show some
DNA repair capacity, the extent of DNA damage that
embryonic cells can tolerate during early gastrulation is
unclear (Lim and Hasty 1996; Ludwig et al. 1998). The
level of damage to which embryonic cells might respond
is unknown. To understand the response of early embry-
onic cells to the lowest levels of genotoxic stress, we
examined the response of mouse embryos exposed to low
doses of X-rays from the preimplantation phase through
gastrulation to the beginning of neurulation.

Results

The cell cycle does not arrest after low dose
irradiation of early mouse embryos

The most common response of cells to DNA damage is
perturbation of progression through the cell cycle. To
study the effects of DNA damage on cell proliferation
during early gastrulation, a period of extreme prolifera-
tion and growth, we injected pregnant females with
5-bromo-2'-deoxyuridine (BrdU), immediately irradiated
them with 0.5 Gy of X-rays, and sacrificed them 1 hr
later. We chose a dose of X-rays that would produce
minimal damage (~20 double strand breaks per cell;
Ward 1988). We calculated a proliferative index on the
basis of the ratio of proliferating cells (BrdU-positive nu-
clei) to total cell number. We analyzed the embryonic
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and extraembryonic regions in sections of non-irradiated
and irradiated embryos (Fig. 1). The number and the
percentage of BrdU-labeled cells was approximately the
same in the irradiated embryos and in the controls at
both embryonic day 6.5 (E6.5) and E7.5 (Fig. 1B). In ad-
dition, there was no difference between the number of
mitoses observed in control and irradiated embryos in
either the embryonic or the extraembryonic regions (data
not shown). These results show that DNA damage in-
duced by low dose irradiation does not perturb the cell
cycle during early gastrulation.

Low dose irradiation induces apoptosis
in the embryonic, but not in the extraembryonic,
region of the early mouse embryo

Because embryos did not show cell cycle arrest after ir-
radiation, we asked whether low levels of DNA damage
induces apoptosis. Remarkably, we found that irradia-
tion of the mouse embryo between E6.5 and E7.5 with
0.5 Gy, a dose that has little effect on somatic cells and
later stage embryos, led to a dramatic elevation of apop-
tosis in the embryonic, but not in the extraembryonic,
region. Apoptosis induced by irradiation was confined to
the embryonic portion of the egg cylinder exclusively
(Fig. 2,3). Less than 5% of the embryonic cells underwent
spontaneous apoptosis in control embryos. However,
40.4% + 4.4% of the embryonic cells underwent apopto-
sis 6 hr after low dose irradiation. In >200 embryos ana-
lyzed, there was no evidence of the induction of apopto-
sis in the extraembryonic tissue by irradiation at any
dose tested (up to 5 Gy) or any time point examined (up
to 48 hr post-irradiation; data not shown). In the embryo,
the localization of the apoptotic cells was restricted
mostly to the embryonic ectoderm (Fig. 2), but a few
apoptotic cells were also detected in the embryonic me-
soderm (Fig. 2). These results suggest first, that the early
embryo has a very low threshold for DNA damage during
gastrulation and second, that the developmental fate de-
termines whether a cell activates apoptosis in response
to the lowest levels of DNA damage: Only embryonic
cells activate apoptosis in response to extremely low
doses of X-rays during early gastrulation.

Induction of apoptosis in response to X-rays was de-
tected by 1 hr post-irradiation with TUNEL analysis (Fig.
2A) and DNA laddering (data not shown). The number of
apoptotic cells increased until 6 hr following irradiation
and decreased subsequently (Fig. 2A) reaching a basal
level 12 to 24 hr post-irradiation. Doses as low as 0.05 Gy
induced apoptosis in the early mouse embryo (Fig. 2B).
The number of apoptotic cells slightly increased with
doses up to 1.5 Gy (Fig. 2B), but did not increase further
at higher doses (data not shown).

The apoptotic response to low dose irradiation is
regulated in parallel with the onset of gastrulation

Endogenous apoptosis occurs in the mouse embryo start-
ing shortly after implantation and persists throughout
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Figure 1. Cellular proliferation is not impaired in irradiated
embryos. (A) BrdU labeling of E6.5 and E7.5 embryos after low
dose irradiation (0.5 Gy). Strongly BrdU-positive nuclei (brown)
can be seen throughout the control embryos and irradiated em-
bryos. The boundary between the extraembryonic (ex) and em-
bryonic (e) regions is indicated. (B) Percentage of total number of
cells that are BrdU labeled. At E6.5, 70.3 + 2.9% and 67 =+ 1.3%
of cells were strongly BrdU positive for the controls (n = 5) and
irradiated embryos (n = 4), respectively. At E7.5, 73.25 + 4.4%
and 72.8 = 5.6% of the nuclei were labeled in the controls (n = 4)
and irradiated embryos (n = 7), respectively.
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Figure 2. Time and dose dependence of apoptosis in response to low dose irradiation. (A) E6.5 embryos were exposed in utero to 0.5
Gy and collected at different time points from 1 to 24 hr post-irradiation as indicated. (Top) Embryos probed for apoptotic cells (green);
(bottom) embryos stained with Hoechst dye (nuclei detection). (Arrows) Apoptotic embryonic cells. (ac) Amniotic cavity; (am) amnion;
(ec) embryonic ectoderm; (exo) exocoelom; (mes) mesoderm, (ve) visceral endoderm. (B) E6.5 embryos were exposed to increasing doses
of X-ray from 0 to 1.5 Gy as indicated and collected 6 hr post-irradiation. (Top) Embryos probed for apoptotic cells (green); (bottom)
embryos stained with Hoechst dye. (Horizontal white bars) Boundary between the extraembryonic (ex) and embryonic (e) regions.
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Figure 3. Apoptosis in response to low dose irradiation (0.5 Gy) is timed with the onset of gastrulation. Embryos were exposed in
utero to 0.5 Gy at different time points during development (from E3.5 to E8.5) and collected 6 hr post-irradiation. For each time point,
at least 20 embryos were analyzed. The staining in the center of E8.5 embryo is background. The embryos were subsequently probed
for apoptotic cells. (Arrows) Apoptotic cells. (Bottom) Graphic representation of the change in hypersensitivity/apoptosis in response

to low dose irradiation during early mouse development.

the rest of development at a low level (Coucouvanis and
Martin 1995; Sanders et al. 1997) indicating that apopto-
sis plays a role in many developmental processes. We
found that induced apoptosis in response to the lowest
levels of DNA damage (caused by low dose irradiation) is
temporally restricted to the short period of time of gas-
trulation (E6.5 to E7.5). Whole embryos were irradiated
between the preimplantation phase and neurulation and
were analyzed by the TUNEL assay. In contrast to earlier
studies (Russell and Russell 1954), which were con-
ducted with 2 Gy, our results show that low dose irra-
diation up to 0.5 Gy during the preimplantation phase
did not lead to apoptosis or increased prenatal death (Fig.
3). After implantation, but shortly before gastrulation at
E5.5 to E6.0, low dose irradiation also did not increase
the number of apoptotic cells (Fig. 3). However, with the

onset of gastrulation by E6.5, low dose irradiation of
mouse embryos led to a dramatic elevation in the num-
ber of apoptotic cells in embryonic, but not in extraem-
bryonic, tissue (Fig. 3). This increased apoptosis in re-
sponse to the lowest levels of DNA damage persisted
through gastrulation (Fig. 3). By ES8.5, after gastrulation,
low dose irradiation no longer induced apoptosis in the
embryo (Fig. 3). These results show that the apoptotic
response to low dose irradiation is restricted to the time
period corresponding to gastrulation.

Cultured blastocysts acquire the ability to undergo
apoptosis in response to low dose irradiation
concomitant with gastrulation

Our in vivo analysis indicates that the embryo becomes

GENES & DEVELOPMENT 2075



Heyer et al.

susceptible to the induction of apoptosis in response to
DNA damage by low dose irradiation during early gas-
trulation. Next, we asked whether the environment in
culture, where the rates of proliferation and differentia-
tion are slower, is sufficient to allow differentiation and
acquisition of hypersensitivity to low dose irradiation.
We compared apoptosis in response to depletion of
growth factors such as EGF and in response to low dose
irradiation in blastocysts in culture for 2 and 4 days. E3.5
blastocysts that were placed in culture attached after one
day and developed differentiated trophoblast giant cells
and an egg cylinder that underwent gastrulation with a
frequency of about 65% after 3 days (Fig. 4A; Behrendt-
sen and Werb 1997). Blastocyst outgrowths expressed
Brachyury, an early mesodermal/gastrulation marker
(Herrmann 1991) after 4 days of outgrowth, when gastru-
lation was morphologically evident (Fig. 4B). We ob-
served that the initial 2 days of growth and differentia-
tion of the blastocyst in culture required exogenous EGF.
The blastocysts cultured in medium without EGF
showed a relatively high rate of endogenous apoptosis at
2. days (Fig. 4C). However, by 4 days in culture, basal
apoptosis in blastocyst outgrowths became independent
of exogenous EGF (Fig. 4C).

Next, we asked whether there are any differences in
apoptotic response induced by a deficiency of growth and
survival factors as compared with the apoptotic response
induced by low dose irradiation. Blastocyst outgrowths
were cultured in the presence of EGF to inhibit apoptosis
in response to growth factor deficiency during the first
phase of outgrowth. After 2 or 4 days of outgrowth, blas-
tocysts were exposed to low dose irradiation (0.5 Gy). In
contrast with apoptosis in response to deficiency of
growth and survival factors, blastocyst outgrowths after
2 days in culture were resistant to the induction of apop-
tosis in response to low dose irradiation (Fig. 4D). How-
ever, after 4 days of blastocyst outgrowth, when gastru-
lation was evident, low dose irradiation induced apopto-
sis significantly (Fig. 4D). The apoptosis induced by low
dose irradiation at 4 days of outgrowth could not be in-
hibited by addition of ZVAD-FMK (Fig. 4D). These data
suggest that, as the embryos move to the next develop-
mental stage, they become relatively independent of ex-
ogenous EGF, either because they produce sufficient en-
dogenous growth factors or because they no longer re-
quire EGF as a survival factor. But, at the same time,
embryonic cells acquire the ability to respond to the low-
est levels of DNA damage by inducing the apoptotic
pathway. The inability to inhibit apoptosis with ZVAD-
FMK distinguishes the apoptotic response to low dose
irradiation from that of growth factor withdrawal by its
lack of independence on small domain caspases.

Irradiation impairs formation of primordial germ cells

A high cost of DNA damage to the embryo would be
mutations in the germ line. Thus, we determined
whether primordial germ cell (PGC) progenitors respond
to low dose irradiation by undergoing apoptosis during
early embryogenesis. At E6, PGC progenitors are distrib-
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uted all around the proximal epiblast. By late E6, they are
found closer to the side where the primitive streak has
formed (Lawson and Hage 1994). The cells then move
through the streak and into the extraembryonic region.
Germ cell specification takes place in the extraembry-
onic region at around E7.2 (for review, see McLaren
1999).

We noted that the distribution of apoptotic cells re-
sembles the distribution of PGC progenitors in the epi-
blast at E6 to E6.5 (Fig. 3). To determine whether the
formation of PGCs is impaired by DNA damage, we ir-
radiated embryos at E6.25 and E7.25 and examined them
for the formation of PGCs by staining for the alkaline
phosphatase marker in whole embryos on E8 (before
turning). The number of stained PGCs in controls and
irradiated embryos was determined in whole embryos
and on sections. Irradiation between E6.25 and E7.25
with 0.5 Gy reduced the number of PGCs to half in the
irradiated embryos (n = 45) in comparison with the con-
trol embryos analyzed on E8 (Fig. 5B-D). Thus, the for-
mation of PGCs is also sensitive to low dose irradiation
during early gastrulation.

Next, we asked whether low dose irradiation during
early gastrulation affects further development. The irra-
diation of 51 embryos between E6.25 and E7.25 led to
resorption of 36.3% and malformation in 13.7% of the
embryos observed at E11.5, and to a 50% reduction in
the number of pups born, in comparison with the con-
trols. However, all pups born were healthy and fertile
and did not show any abnormalities by 10 months of age.
These results suggest that the lowest levels of DNA
damage during early gastrulation perturb normal embry-
onic development in an all-or-nothing fashion.

p53 and Atm are required for embryonic response
to low dose irradiation

Next, we sought to determine the molecular mecha-
nisms required for acquisition of this regulated embry-
onic response to low dose irradiation. p53 is one of the
key regulators in the DNA damage pathway to cell cycle
arrest and apoptosis. Inactivation of p53 in response to
DNA damage attenuates both of these cellular responses
(for review, see Ko and Prives 1996; Levine 1997; Giaccia
and Kastan 1998; Sherr 1998). p53 null mice are mostly
developmentally viable, yet show high-frequency devel-
opmental abnormalities and develop tumors very rapidly
(Donehower et al. 1992; Jacks et al. 1994; Armstrong et
al. 1995). Recent work indicates that p53 is involved in
the response of embryonic stem cells to DNA-damaging
agents such as UV irradiation and X irradiation of higher
doses (>4 Gy; Sabapathy et al. 1997; Aladjem et al. 1998;
Corbet et al. 1999). To investigate whether p53 also plays
a role in the embryonic response to the lowest levels of
damage, we analyzed the effects of low doses of irradia-
tion on wild-type and p53 heterozygous and homozygous
null embryos in vivo. We mated p53 heterozygous ani-
mals and irradiated the embryos with 0.5 Gy between
E6.5 and E7.5 in utero, fixed them 6 hr later, and then
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Figure 4. Gastrulating embryos derived from blastocyst outgrowths in culture acquire hypersensitivity to low dose irradiation. (A)
Sagittal section of a 4-day outgrowth. The boundary between the extraembryonic (ex) and embryonic (e) regions is indicated. (B)
Brachyury expression in blastocyst outgrowths after 2 and 4 days in culture. RT-PCR was performed with Brachyury-specific primers.
GAPDH was amplified as a control. (C) Blastocysts were collected at E3.5 and individually cultured with or without EGF. (Top) Phase
contrast image; (bottom) apoptotic cells (white). (Arrows) Apoptotic cells. In 2-day outgrowths, apoptosis is induced in the absence of
EGF. In 4-day outgrowths, apoptosis is not induced in the absence of EGF. (D) Blastocysts were collected at E3.5 and individually
cultured in the presence of EGF; half were irradiated at day 2 or 4 of outgrowth with 0.5 Gy. Irradiation with 0.5 Gy induced apoptosis
in 4-day outgrowths but not in 2-day outgrowths. Addition of ZVAD-FMK reduced basal apoptosis in 4-day outgrowths, but did not
have an effect on apoptosis induced by X-irradiation. (Open bars) Controls; (black bars) 0.5 Gy irradiation; (gray bars) ZVAD-FMK
added. (ec) Embryonic ectoderm; (GC) giant cell; (outg) outgrowth; (ve) visceral endoderm.
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Figure 5. Irradiation of embryos reduces
the number of PGCs. (A) Schematic repre-
sentation of the localization of PGCs. At
E6.5, epiblast cells that become directed to
the PGC fate are located in the proximal
region of the embryo close to the embry-
onic/extraembryonic boundary (shaded
area). At E8.5, PGCs are located at the base
of the allantois around the hindgut pocket
(Arrow shows the view for B-D). (B -D).
Embryos were stained with alkaline phos-
phatase (blue) to mark PGCs. (B) Control;
(C,D) embryos irradiated with 0.5 Gy at
E6.25 or E7.25, respectively, and collected
at E8.5. (Arrows) Stained PGCs. (¢) Embry-
onic region; (ex) extraembryonic region;
(D) distal; (Pr) proximal.

analyzed them for apoptotic cells. Whereas irradiation
increased apoptosis in wild-type embryos, there was no
change in apoptosis in p53 homozygous null embryos
after irradiation (Fig. 6). p53 heterozygous null embryos
showed an intermediate level of apoptosis in response to
low dose irradiation (Fig. 6E). The apoptotic response to
DNA damage in the p53 null embryos was absent, not
delayed. Apoptosis did not increase at any time point up
to 48 hr after irradiation in the p53-null embryos (data
not shown). The requirement for p53 was specific. We
noted no differences from wild type when we tested E6.5
and E7.5 embryos deficient in two other genes involved
in cell cycle regulation and DNA damage response: Em-
bryos deficient in p194*¥ (Serrano et al. 1996) or DNA-
PKSeid/Seid (Bosma and Carroll 1991) had a wild-type
apoptotic response to low dose irradiation (data not
shown). These data clearly indicate that p53 is involved
in the embryonic response to DNA damage during the
early gastrulation.

Because p53 is involved in the embryonic response to
DNA damage, we asked which molecules might func-
tion upstream of p53 in this embryonic apoptosis path-
way. A candidate gene is Atm, encoding the protein de-
ficient in the human neurodegenerative and cancer pre-
disposition condition ataxia telangiectasia. Atm has
been proposed to be a DNA damage sensor (for review,
see Jeggo et al. 1998; Wang 1998; Smith and Jackson
1999). The induction of p53 is impaired in cells lacking
Atm, indicating that Atm acts upstream of p53 in the
signal transduction pathway (Kastan et al. 1992). Inter-
estingly, by RT-PCR, we found that the expression of
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Atm and p53 was upregulated in both the embryonic and
extraembryonic region within 1 hr post-irradiation in
wild-type embryos (Fig. 7A). However, only in the em-
bryonic region did this up-regulation of Atm and p53
expression lead to an induction of apoptosis.

To determine whether Atm functions in the embry-
onic apoptosis pathway through early gastrulation, em-
bryos (E6.5 to E7.5) from Atm heterozygous matings
were irradiated with 0.5 Gy in utero and analyzed for
apoptotic cells (Fig. 7C-F). As expected, apoptosis was
increased in wild-type and Atm heterozygous null em-
bryos after irradiation in four litters. However, apoptosis
did not increase after low dose irradiation in Atm homo-
zygous null embryos. Interestingly, by RT-PCR, we
found that the expression of p53 was impaired in Atm
homozygous null embryos after low dose irradiation
with 0.5 Gy (Fig. 7B). These data indicate that Atm func-
tions upstream of p53 in the embryonic apoptotic re-
sponse to low dose irradiation during early gastrulation.

Next, we determined the biological consequences of
the lack of Atm- and p53-dependent apoptosis in re-
sponse to low dose irradiation during gastrulation (E6.5
to E7.5). Embryos of heterozygous matings (3 litters
each) were irradiated with 0.5 Gy at E6.5. Only 25 em-
bryos from the p53*/~ matings (75% heterozygous and
25% wild-type pups) and 5 embryos from the Atm'/~
matings (40% heterozygous and 60% wild type) survived
to birth. None of the Atm or p53 homozygous null em-
bryos survived to birth, indicating the importance of the
Atm- and p53-dependent safeguard apoptosis pathway to
embryonic development.
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Figure 6. p53 is a key regulator in the embryonic response to
low dose irradiation. (A) E6.5 p53*/* control; (B) E6.5 p53*/+, 0.5
Gy irradiated; (C) E6.5 p53~/~ control; (D) E6.5 p537/~, 0.5 Gy
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totic cells are seen in the p53-null embryo (D) than in the wild-
type littermate (B). (E) The number of apoptotic cells in embryos
from p53 heterozygous matings. (Open bars) Controls; (black
bars) 0.5 Gy irradiated. The pooled data show that the number
of apoptotic cells in response to low dose irradiation is reduced
in the absence of p53 (P < 0.001).

Discussion

In this study, we have demonstrated that the early
mouse embryo has a safeguard mechanism to protect
genomic integrity through early gastrulation, a phase of
extreme proliferation, growth, and differentiation. We
show that, by the onset of gastrulation, the sensitivity
threshold of the mouse embryo to DNA damage is ex-
tremely low, such hypersensitive response has not been
reported previously for any other developmental stage or
cell types. We demonstrate further that damaged embry-
onic cells are eliminated by an Atm- and p53-dependent
apoptotic pathway.

The onset of gastrulation is associated with the start of

Hypersensitivity to DNA damage at gastrulation

differentiation and a dramatic increase in the rate of pro-
liferation and growth. Through this developmental pe-
riod, the structure of the cell cycle differs from that
of adult cells: The cell cycle is extremely shortened
(MacAuley et al. 1993). In general, two major pathways
could be activated in response to DNA damage: cell
cycle arrest or apoptosis. However, at early gastrulation,
the cell cycle is not perturbed in response to low dose
irradiation, as shown by the same pattern of BrdU incor-
poration in control and irradiated embryos. Because of
the extremely short cell cycle, cell cycle arrest and ac-
curate repair of DNA damage may not be feasible. In-
stead, damaged cells are eliminated by apoptosis.

We observed that, with the onset of gastrulation, the
embryo regulates the response to induced DNA damage
by low dose irradiation by achieving a greater sensitivity
to DNA damage. Doses as low as 0.05 Gy (which is
equivalent to two double strand breaks per cell; Ward
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Figure 7. Atm mediates apoptosis in response to low dose ir-
radiation in the early embryo. (A) Atm and p53 expression in
embryonic and extraembryonic regions at E7 after low dose ir-
radiation (0.5 Gy). RT-PCR was performed with Atm- and p53-
specific primers. (B) p53 expression in Atm heterozygous and
homozygous null embryos at E7 after low dose irradiation (0.5
Gy). RT-PCR was performed with p53-specific primers.
GAPDH was amplified as control in A and B. (C) E6.5 Atm*/~
control. (D) E6.5 Atm*/~, 0.5 Gy irradiated. (E) E6.5 Atm™~~ con-
trol. (F) E6.5 Atm ~/-, 0.5 Gy irradiated. In response to low dose
irradiation, fewer apoptotic cells are seen in the Atm -null em-
bryo (F) than in the heterozygous littermate (D).
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1988) led to an elevation of apoptosis in the embryo.
Interestingly, in our study, irradiation with up to 0.5 Gy
during the preimplantation phase did not cause a high
incidence of prenatal mortality as has been reported for
irradiation with 2 Gy (Russell and Russell 1954). In-
creased sensitivity of tissues and organs to irradiation
correlates with their proliferation and differentiation sta-
tus (Streffer 1997). Each organ is most sensitive in the
period during which differentiation starts. However, the
unique feature of embryonic cells at the start of gastru-
lation is that this increased sensitivity has a much lower
threshold and is associated with immediate apoptosis of
the damaged cells.

Apoptosis is specific to the embryonic cell lineage

Several lines of evidence suggest that spatial and micro-
environmental cues regulate the hyper-responsiveness of
embryos to genotoxic stress, such as low dose irradia-
tion. First, irradiation during early gastrulation leads to
apoptosis of cells in the embryonic region, but not in the
extraembryonic region. Both lineages detect DNA dam-
age and induce expression of Atm and p53 within 1 hr
post-irradiation. Our results indicate clearly that devel-
opmental fate determines whether the cell undergoes
apoptosis in response to DNA damage or not. What are
the differences between the embryonic and extraembry-
onic lineages that lead to a difference in the ability to
undergo apoptosis in response to DNA damage? There
are a number of genes that have distinct expression pat-
terns in the embryonic versus extraembryonic regions
during the peri-gastrulation period, for example, Evx1
and Fgf5 versus Bmp4 and H19, respectively (Haub and
Goldfarb 1991; Hébert et al. 1991; Poirier et al. 1991;
Dush and Martin 1992; Lawson and Hage 1994). How-
ever, whether any of these genes are responsible remains
to be determined. The extraembryonic cells contribute
to tissues that enable the embryo to survive within the
maternal uterus. But these extraembryonic cells are tran-
sient and do not contribute to the embryo. Therefore,
DNA damage might be tolerated or be repaired in this
cell type. In the embryo itself, however, the cells un-
dergo complex morphogenetic movements, prolifera-
tion, and differentiation. In addition, all embryonic cells
give rise to critical lineages. Therefore, it may be safer for
damaged embryonic cells to undergo apoptosis than to
delay the cell cycle or repair DNA damage through this
complex phase.

Second, cultured embryos also undergo apoptosis in
response to low dose irradiation around the time of gas-
trulation. This observation indicates that development
in culture is sufficient for embryonic cells to achieve the
ability to undergo apoptosis in response to the lowest
levels of genotoxic stress, even though the rates of pro-
liferation and development are significantly slower than
in vivo. Thus, it can not be the cell cycle rate, per se, that
triggers the hyper-responsiveness. Embryonic stem (ES)
cells, which can contribute to all embryonic lineages,
and their differentiated progeny (embryoid bodies) do not
develop the apoptotic response to low dose irradiation in
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culture, but can when placed back into embryos (B.
Heyer and Z. Werb, unpubl.). These observations indi-
cate that signaling from the early embryonic environ-
ment is necessary for embryonic cells to acquire the abil-
ity to undergo apoptosis in response to low dose irradia-
tion. It will be interesting to elucidate the cellular and
molecular differences between ES cells and early embry-
onic cells that regulate the difference in hypersensitivity
and the ability to undergo apoptosis in response to the
lowest doses of irradiation, and how ES cells acquire sen-
sitivity in vivo after implantation into an embryo.

In addition to being a response to DNA damage, apop-
tosis is also a response to other fundamental decisions
during early mouse development (Coucouvanis and Mar-
tin 1995). Embryonic cells are also most sensitive to the
abundance of growth factors before gastrulation. Our
study and others (Manova et al. 1998) have shown that
the early streak embryo displays increased cell death in
the embryonic region, but not in the extraembryonic re-
gion, when the embryos are cultured in media with re-
duced levels of growth factors. Therefore, growth factor
sensitivity may reflect a mechanism for regulating the
number of cells in the embryo. Excess cells that do not
receive sufficient growth factors are removed by apopto-
sis. However, the apoptotic response to growth factor
withdrawal and DNA damage are regulated indepen-
dently during early development.

Damaged cells eliminated by apoptosis ensure not
only correct cell fate determination, but also genomic
integrity. Progenitors of PGCs also undergo apoptosis in
response to DNA damage. These cells are located
through early gastrulation in the proximal epiblast and
migrate from there into the extraembryonic region. Low
dose irradiation reduced the number of PGCs. This re-
duction is most likely due to apoptosis of embryonic
epiblast cells that become committed to PGC fate, but
are not replaced.

p53 and Atm are key regulators of the embryonic
apoptosis pathway

We found that p53 is a key regulator in maintaining ge-
nomic integrity during early gastrulation. By activating
the embryonic apoptotic response, the early mouse em-
bryo has the ability to activate the p53-dependent apop-
tosis pathway. Embryonic cells of p53-null embryos do
not undergo apoptosis in response to low dose irradia-
tion, indicating that p53 is a key regulator in response to
low dose irradiation in the early mouse embryo. We
showed that low dose irradiation during early gastrula-
tion led to a complete ablation of surviving p53 homo-
zygous null embryos. In addition, although p53 homozy-
gous null mice do survive to birth, Armstrong et al.
(1995) and Jacks et al. (1994) demonstrated a link be-
tween p53 deficiency and developmental abnormalities.
Our data and theirs demonstrate clearly the importance
of p53 in development. Early mouse embryo cells that
exhibit the strongest p53 response are rapidly proliferat-
ing, similar to p53-dependent cell populations in the
adult mouse or older embryo (Gottlieb et al. 1997). In



this context, it is interesting that undifferentiated ES
cells express high levels of functional p53 in a wild-type
conformation; upon in vitro differentiation ES cells show
reduced p53 levels and alteration to the mutant confor-
mation (Sabapathy et al. 1997). p53 may be an important
regulator in an early proliferation and differentiation pro-
cess during gastrulation, controlling the balance be-
tween differentiating cells and cells undergoing apopto-
sis. Although, the conformational status of p53 may be
the key for the regulation of the sensitivity threshold
during early development, the levels of p53 in gastrulat-
ing embryos was below the level of detection and lower
than in ES cells (data not shown).

Mice carrying null mutations in genes encoding pro-
teins involved in DNA double strand repair (Brcal,
Brca2, Rad51) die in the same developmental period in
which we observed p53-dependent apoptosis in response
to low dose irradiation (Hakem et al. 1996; Lim and
Hasty 1996; Ludwig et al. 1997; Suzuki et al. 1997). As in
the case of the response to low dose irradiation, the em-
bryonic part of the mutant embryos is much more sen-
sitive to apoptotic death. Genetic analysis demonstrates
that their development is shifted to a more advanced
stage when p53 is absent, but complete rescue of the
mutations does not occur (Lim and Hasty 1996; Ludwig
et al. 1997). Because these null mutants die of a lack of
proliferation/growth, and the absence of p53 does not
rescue their mutant phenotype completely, it is unlikely
that Brcal, Brca2, and Rad51 are components of the p53-
mediated apoptosis pathway through early gastrulation.

Recently, it has been proposed that DNA-PK is an es-
sential activator of p53 in response to DNA damage
(Woo et al. 1998; for review, see Prives 1998), but the
evidence for its involvement in this pathway is still con-
troversial (Woo et al. 1998; Jimenez et al. 1999; Smith
and Jackson 1999). DNA-PK activation in response to
low dose irradiation could induce apoptosis or cell cycle
arrest. However, we did not detect any differences be-
tween the embryos deficient in DNA-PK and control em-
bryos in the response to low dose irradiation. Therefore,
we conclude that DNA-PK is not a component of the
p53-mediated apoptosis pathway through early gastrula-
tion.

Atm-deficient mice are viable, but infertile, growth
retarded, and hypersensitive to radiation at higher doses
(>4 Gy; Barlow et al. 1996; Xu et al. 1996). In contrast,
our studies show that Atm-deficient embryos, similar to
p53-deficient embryos, do not undergo apoptosis in re-
sponse to low dose irradiation. This implies that Atm
mediates apoptosis in the early mouse embryo in re-
sponse to low dose irradiation. Because Atm can activate
p53 by direct phosphorylation (Banin et al. 1998), it may
act upstream of p53. Atm acts as a key regulator in re-
sponse to DNA damage by activating different responses
such as cell cycle checkpoints, DNA repair, and apopto-
sis. We showed that, in the embryo during early gastru-
lation, Atm is required for apoptosis, most likely by a
p53-mediated mechanism. In addition, we demonstrated
that lack of p53- and Atm-dependent apoptosis through
gastrulation interferes with survival, demonstrating the
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importance of this new pathway to embryonic develop-
ment. Interestingly, Atm and p53 are up-regulated
within 1 hr post-irradiation in both the embryonic and
extraembryonic regions after low dose irradiation. But
this up-regulation leads to apoptosis only in the embry-
onic region. Atm is also necessary for the apoptotic re-
sponse to irradiation in specific regions of the developing
central nervous system (Herzog et al. 1998). This Atm-
mediated apoptosis is specific to particular areas of the
central nervous system and is not seen in other regions
of the central nervous system or in the thymus, which
show normal response to irradiation (Xu et al. 1996; Bar-
low et al. 1997; Herzog et al. 1998). Taken together with
our data, these data suggest that Atm may function in a
cell-lineage-specific manner to sense DNA damage and
activate the apoptosis pathway in response to irradia-
tion.

We have found that the early mouse embryo has a
specific surveillance mechanism to remove damaged
cells from the embryonic region and, therefore, prevent
such defective cells from contributing to critical lineages
later in development. In the highly proliferating cells of
the gastrulating embryo, cells undergo Atm- and p53-
mediated apoptosis in response to even lowest levels of
DNA damage. A major challenge for the future will be to
understand what specific genes have to be expressed be-
fore the surveillance mechanism can be turned on, why
it shuts down by the end of gastrulation, and how mo-
lecular differences between the embryonic and the ex-
traembryonic cells are achieved.

Perspective

The Atm- and p53-dependent embryonic apoptosis path-
way in response to the lowest levels of DNA damage
may be a general feature of early embryogenesis in higher
eukaryotes to ensure genomic integrity. Like mouse em-
bryos, early embryos of Drosophila, Caenorhabditis, and
Xenopus are sensitive to any DNA damage during early
embryogenesis (Bownes and Sunnell 1977; Ishii and Su-
zuki 1990; Fernandez et al. 1993), and damaged cells may
be eliminated by apoptosis. It is possible that the Dro-
sophila Atm homolog Mei-41, which is essential for the
midblastula transition during early Drosophila embryo-
genesis (Sibon et al. 1999), may also play a role in the
embryonic apoptosis pathway. These model organisms
may prove useful for dissecting the interactions needed
for regulating this important pathway.

Materials and methods

Embryo dissection and culture

Wild-type CD-1 females were obtained from Charles River. p53
heterozygous animals (Stock 28899, FVBN/NJ®>3tmITsl) and
Atm heterozygous animals (Stock, JR2753, 129/SvEyAtm tml Awb)
were obtained from the Jackson Laboratories. Colonies were
kept under clean conditions.

Blastocysts were flushed of the uteri of E3.5 pregnant females.
Embryos were dissected from pregnant females on the day of
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interest, fixed overnight in 4% paraformaldehyde, and pro-
cessed for detection of apoptotic cells. Blastocysts for outgrowth
were cultured as described earlier (Behrendtsen and Werb 1997).
In brief, blastocysts were cultured overnight in 2x TAAT me-
dium supplemented with 20% fetal calf serum (outgrowth me-
dium) at 37°C in 5% CO,. On the next day, blastocysts were
coated for 2 hr with vitronection (20 pg/ml), subsequently
plated in individual 5-ul drops of outgrowth medium plus EGF
(20 ng/ml), and cultured for 2-4 days. Outgrowths were fixed in
acetone/methanol 1:1 and probed for apoptotic cells (Apotag kit,
Oncor). Three experiments, with at least 50 embryos per group,
were performed.

PCR analysis of p53 and Atm genotypes

Genomic DNA was isolated from neonate tails, embryos, or
outgrowths and used for PCR amplification. Tissues were incu-
bated overnight at 55°C in lysis buffer (100 mm Tris at pH 8.5,
5 mm EDTA, 200 mm NaCl, 0.2% SDS) and 100 png/ml protein-
ase K. The DNA was phenol extracted and ethanol precipitated.
For PCR amplification, 0.2 ng genomic DNA was used. For
p53 genotyping, primers p53-3 (5'-AGAGCAAGAATAAGT-
CAGAAGCCG-3') and p53-5 (5'-GTCCGCGCCATGGCCAT-
CTA-3’), as well as neo-3 (5'-GCTCTTCAGCAATATCACGG-
3') and neo-5 (5'-GGAGAGGCTATTCGGCTATG-3’) specific
for the intact p53 gene and the neomycin resistance cassette,
respectively, were used to detect the recombinant allele. Tem-
perature cycling conditions were one initial cycle at 94°C for 5
min, followed by 30 cycles of 94°C for 30 sec, 55°C for 30 sec,
and 72°C for 45 sec. For Atm genotyping, primers Atm-1
(5'-GCTGCCATACTTGATCCATG-3') and Atm-2 (5-TCC-
GAATTTGCAGGAGTTG-3’), as well as Atm-3 (5'-CTTGGG-
TGGAGAGGCTATTC-3') and Atm-4 (5'-AGGTGAGATGAC-
AGGAGATC-3') specific for the intact Atm gene and the neo-
mycin resistance cassette, respectively, were used to detect the
recombinant allele. Temperature cycling conditions were one
initial cycle at 94°C for 5 min, followed by 30 cycles of 94°C for
30 sec, 58°C for 30 sec and 72°C for 30 sec. Half of each reaction
mixture was subjected to electrophoresis on a 1.5% agarose gel
and stained with ethidium bromide.

RNA isolation and RT-PCR

Embryos were irradiated with 0.5 Gy in utero and collected 1 hr
post-irradiation. Polyadenylated RNA from pools of 15 embry-
onic or extraembryonic regions of control and irradiated em-
bryos or 10 outgrowths was prepared by use of the Oligotex
direct mRNA kit (Qiagen). For the RT-PCR in Figure 7B, Atm
embryos were first genotyped by use of the extraembryonic re-
gion, and then polyadenylated RNA from pools of three em-
bryos with the same genotype was prepared with the Oligotex
direct mRNA kit (Qiagen). RT reactions were performed for 1 hr
at 42°C, 50 mm Tris-HCI (pH 8.3), 75 mm KCl, 3 mm MgCl,, 2
mMm dNTPs, 10 mm DTT and 200 units of reverse transcriptase
(Superscript, GIBCO). The samples were treated with 1 unit of
Rnase H (Boehringer) for 10 min at room temperature and
heated at 95°C for 5 min prior to PCR or storage. The PCR was
performed as following: One-sixth of the RT-reaction was
mixed with PCR-buffer (10 mm Tris-HCI at pH 8.3, 3.45 mm
MgCl,, 0.2 mm dNTPs), 1 unit of Taq polymerase (Perkin Elmer
Cetus) and 2 pmoles each of the 5" and 3’ primers. The samples
were denatured for 5 min at 94°C before cycling at 94°C for 30
sec, 58°C for 30 sec, and 72°C for 30 sec for 25 to 40 cycles. The
primer sets used were GAPDH-1 (5'-TGATGACATCAAGA-
AGGTGGTGAAG-3'), GAPDH-2 (5-TTCTTGGAGGCCAT-
GTAGGCCAT-3'), Atm-1 (5’- ATCGCAGAGCGCCTCCAT-
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GTC-3'), Atm?2 (5-GAAGAACATGATCTGTGGGTG-3'),
p53-1 (5'-GGATAGCAAAGAGCACAGAGC-3'), p53-2 (5'-
CCAGTCTTCGGACAAGCGTGAC-3'), Brachyury-1 (5'-TC-
CAGGTGCTATATATTGCC-3'), Brachyury-2 (5-TGCTGC-
CTGTGAGTCATAAC-3’). At least three experiments with
pools of RNA isolated from different embryos/outgrowths were
performed.

Detection of BrdU-labeled and apoptotic cells

BrdU (100 pg/gram of body weight) was injected intraperitoneal-
ly into pregnant females at E6.5 and E7.5, and the females were
sacrificed 1 hr after the injection. The decidua were dissected,
fixed in 4% paraformaldehyde, and processed for immunohis-
tochemistry. Serial sagittal sections of each embryo were incu-
bated with an anti-BrdU antibody by use of a kit from Zymed.
BrdU-positive cells were counted and the number compared to
the total number of cells.

Apoptotic cells were identified by use of the TUNEL method
with fluorescence-conjugated or alkaline phosphatase-conju-
gated antibodies and a kit from Oncor or Boehringer. Cells on
sections were counterstained with Hoechst dye. Apoptotic cells
were counted on serial sections and the number compared to
the total number of cells. For the experiments described in Fig-
ures 2 and 3, at least three experiments with a minimum of 20
embryos per time point/dose group were performed.

Detection and count of PGCs

Embryos (45) irradiated at E6.25 or E7.25 and controls were
dissected at E8.5 in PBS (before turning, ~10 somite stage), and
fixed in 70% ethanol at least for 2 hr at 4°C. The intact embryos
were split in the anterior and posterior region. The posterior
regions were washed three times in distilled water. Subse-
quently, they were stained with a-naphthyl phosphate/fast red
(Ginsburg et al. 1990) for 10 min at room temperature. They
were rinsed in water and cleared in 50% glycerol. In the stained
region from the posterior region, PGCs were identified and
counted by use of a stereomicroscope. Stained regions were re-
fixed in 4 % paraformaldehyde and embedded in plastic resin
(JB-4 catalyzed resin, Polysciences) according to the manufac-
turer’s protocol. Sections of 6 pm were cut, and the number of
PGCs was counted again.

Irradiation

All irradiation procedures were completed using a Phillips
RT250 X-ray machine (250-kV peak, 15 mA, half-value layer 1.0
mm copper) at a dose rate of 1 Gy/min. The pregnant females
were placed in a rotating plexiglas wheel. The wheel rotated
within the irradiation field to assure homogeneity of exposure.
If not otherwise specified, embryos and cells were collected 6 hr
post-irradiation.
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