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Inactivation of Cdc7 kinase in mouse ES cells results
in S-phase arrest and p53-dependent cell death
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Cdc7-related kinases play essential roles in the initi-
ation of yeast DNA replication. We show that mice
lacking murine homologs of Cdc7 (muCdc7) genes die
between E3.5 and E6.5. We have established a mutant
embryonic stem (ES) cell line lacking the muCdc7
genes in the presence of a loxP-flanked transgene
expressing muCdc7 cDNA. Upon removal of the trans-
gene by Cre recombinase, mutant ES cells cease DNA
synthesis, arresting growth with S-phase DNA content,
and generate nuclear RadS51 foci, followed by cell
death with concomitant increase in p53 protein levels.
Inhibition of p53 leads to partial rescue of muCdc7--
ES cells from cell death. muCdc7--p53~~ embryos
survive up to E8.5, and their blastocysts generate
inner cell mass of a significant size in vitro, whereas
those of the muCdc7--p53+- embryos undergoes com-
plete degeneration. These results demonstrate that, in
contrast to cell cycle arrest at the G;/S boundary
observed in yeasts, loss of Cdc7 in ES cells results in
rapid cessation of DNA synthesis within S phase, trig-
gering checkpoint responses leading to recombin-
ational repair and p53-dependent cell death.
Keywords: Cdc7 kinase/conditional knockout/mouse ES
cells/p53-dependent cell death/replication fork arrest

Introduction

G-to-S transition of mammalian cells is regulated by a
series of phosphorylation reactions. Among them, phos-
phorylation by Cdk4-CyclinD1 plays a crucial role in
the decision at the restriction point to commit to the cell
cycle (Baldin et al., 1993; Sherr, 1993). Downstream of
Cdk4—-CyclinD1, Cdk2-CyclinE plays an essential role in
the progression from late G; to S phase (Sherr, 1994;
Ohtsubo et al., 1995). Genetic studies in yeast implicated
another serine/threonine kinase in this process (Sclafani
and Jackson, 1994; Stillman, 1996; Dutta and Bell, 1997;
Johnston et al., 1999; Masai and Arai, 2002). Cdc7, which
is activated at the G;/S boundary in a complex with
Dbf4 (Chapman and Johnston, 1989; Jackson et al., 1993),
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is essential for initiation of S phase in budding yeast
(Hartwell, 1971; Hollingsworth and Sclafani, 1990).
Budding yeast cdc7® cells arrest with dumb-bell forms
with 1C DNA content at the non-permissive temperature
(Hollingsworth and Sclafani, 1990; Buck et al., 1991),
indicative of cell cycle arrest at the onset of DNA
synthesis. Similar 1C DNA arrest was also observed in
hsk1', the fission yeast homolog of CDC7 (Masai et al.,
1995; Brown and Kelly, 1998; Takeda et al., 1999).
Studies in budding yeast indicated that the Cdc7 functions
are required throughout S phase to permit firing of each
replication origin on the chromosomes (Bousset and
Diffley, 1998; Donaldson et al., 1998; Zou and Stillman,
2000). These results indicate that Cdc7 kinase is required
not only for initiation of S phase, but also for initiation of
DNA replication at each replication origin.

Genetic and biochemical studies indicate that the
minichromosome maintenance (MCM) complex is the
primary target of Cdc7 kinases. MCM may function as a
cellular replicative DNA helicase (Chong et al., 1996;
Kearsey et al., 1996; Aparicio et al., 1997; Ishimi, 1997),
and it has been proposed that Cdc7 may activate MCM
helicase at the origins (Sclafani, 2000; Labib and Diffley,
2001; Lei and Tye, 2001). Cdc7 phosphorylates the
MCM2 component of the MCM complex both in vivo
and in vitro (Lei et al., 1997, Sato et al., 1997; Brown and
Kelly, 1998; Weinreich and Stillman, 1999), although
precise mechanisms of origin activation by Cdc7-mediated
phosphorylation of MCM remain elusive.

The structural and functional homologs of Cdc7 kinase
have been identified in higher eukaryotes, including
Xenopus, mouse and human (Jiang and Hunter, 1997;
Sato et al., 1997; Kim et al., 1998). Microinjection of an
antibody against ASK, the regulatory subunit for huCdc7,
or of that against huCdc7, blocked S-phase initiation in
mammalian cells (Jiang et al., 1999; Kumagai et al.,
1999), and immunodepletion of Cdc7 from Xenopus egg
extracts inhibited DNA replication (Roberts et al., 1999;
Jares and Blow, 2000; Walter, 2000), indicating the
requirement of Cdc7 kinase for metazoan DNA replica-
tion. However, the precise understanding of functions of
mammalian Cdc7 kinase in cell proliferation requires
genetic characterization.

In this study, we attempt to genetically dissect the roles
of mammalian Cdc7 kinase in control of cell proliferation
and differentiation. We first generated murine Cdc7
(muCdc7) knockout mice and showed that they are early
embryonic lethal. We then generated conditional muCdc7-
deficient embryonic stem (ES) cell lines and showed that
muCdc7 is essential for DNA replication of ES cells.
Furthermore, our results revealed unexpected phenotypes
of Cdc7 knockout ES cells, namely S-phase arrest and
pS3-dependent cell death, indicating that S phase is being
monitored very strictly by the p53-dependent checkpoint
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Fig. 1. Targeted disruption of the muCdc7 gene. (A) Restriction maps of the wild-type muCdc7 gene, the targeting vector and the mutant locus result-
ing from homologous recombination. The numbered boxes indicate exons. Genomic fragments used as probes for Southern blotting are indicated by
horizontal bars labelled a and b. The positions of the primers used for genotyping mice and embryos are shown by converging arrows P2/P4 and K33/
P4. (B) Identification of muCdc7+~ ES clones by Southern blot analysis. Genomic DNA was digested with Bg/II and hybridized with either a 5" (a) or
3’ (b) probe. The hybridizing DNA fragments of wild-type (wt) and mutant (mt) alleles are shown by arrows. (C) PCR genotyping of mice and em-
bryos from a muCdc7 heterozygous breeding. Three primers (P2/K33/P4) were included in PCRs to amplify a 350 or 290 bp fragment specific for the
wild type or a mutant allele, respectively. (D) Western blotting of whole-cell extracts from muCdc7++ and muCdc7*~ ES cells using anti-muCdc7
antibody as described previously (Kim et al., 1998). The arrow indicates the endogenous 532 amino acid muCdc7 polypeptide expressed in ES cells.

There are extra bands that react non-specifically with the antibody.

pathway to ensure high-fidelity genome inheritance in
ES cells.

Results

Disruption of the muCdc7 gene

We previously reported that the muCdc7 gene, located on
the mouse chromosome SES5, consists of 12 exons (Kim
etal., 1998). In order to genetically dissect the functions of
mammalian Cdc7 kinase, we attempted to disrupt the
muCdc7 gene through homologous recombination. Our
strategy was to replace exons 3 and 4, encoding kinase
domains I and II, with a neo" resistance cassette
(Figure 1A). This manipulation was expected to com-
pletely inactivate the kinase activity of muCdc7. Cells
from two independent ES lines containing a disrupted
muCdc7 allele were injected into C57BL/6 blastocysts,
and the resulting chimeras were backcrossed to C57BL/6
wild-type animals to generate heterozygous animals. The
successful disruption of the muCdc7 locus was confirmed
by Southern blotting and PCR (Figure 1B and C). Western
blotting of the extracts prepared from muCdc7+* and
muCdc7*~ ES cells indicated the absence of aberrant

Table I. Genotypes of offspring from muCdc7 heterozygous
intercrosses

Age +/+ +/— —/- Total No.
E3.5 6 54 15 75
E6.5 8 27 (1) 36
E7.5 12 40 0 52
E8.5 26 60 0 86
Weaning 512 1080 0 1592

“Number in parentheses indicates the embryo that was about to be
resorbed.

forms of muCdc7 generated from the knockout locus
(Figure 1D). No homozygous null animals were observed
in a total of >1500 live births from Cdc7+~ heterozygous
intercrosses using either of the two founder lines (Table I).
Wild-type and heterozygous mice were born at the
expected frequencies, and the heterozygous mice appeared
normal, healthy and fertile.

To determine at what embryonic stage muCdc7-~ null
embryos die, we analyzed embryos from heterozygous
intercrosses at different stages of gestation. Null blasto-
cysts (E3.5) were identified, and their morphology was
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Fig. 2. Growth and DNA synthesis of muCdc7-deficient embryos in culture. (A) The converging arrows, P2/P5 and Ns/Nas, indicate the primers used
for genotyping blastocyst outgrowths, which detect the wild-type (wt) and mutant (Neo) alleles, respectively. (B) Blastocysts from muCdc7 hetero-
zygous intercrosses were cultured in vitro for 5 days and photographed using phase-contrast microscopy. Arrows point to the ICM and the trophoblast
GC. Scale bar = 50 um. (C) Blastocysts from muCdc7 heterozygous intercrosses were cultured in vitro until E8.5, and were incubated in the presence
of 10 uM BrdU for 3 h. Blastocyst outgrowths were processed for indirect immunofluorescence using anti-BrdU antibody (green) and counterstained
with 4’,6-diamidino-2-phenylindole (DAPI; blue). Scale bars = 100 um. (D) Immunohistochemical analysis of muCdc77~ GCs. Blastocysts grown in
culture as in (C) were fixed and stained with anti-muCdc7 antibody (d and e, green) or control IgG (f). Nuclei were detected by DAPI staining (g, h
and i; blue). a, b and c, phase-contrast images of the cells. The genotype of each embryo was determined by PCR. Scale bars = 100 pm.

indistinguishable from that of the wild-type or hetero-
zygous blastocysts (data not shown). However, among 174
embryos between E6.5 and E8.5, only one muCdc7 null
embryo (E6.5) was detected that was about to be resorbed
(Table I). These results indicate that muCdc7 null embryos
are viable and normal until E3.5, but die between E3.5 and
E6.5. The apparent death of the null embryos after E3.5
may be due to run-out of the maternal stock and/or to
active cell death caused by unknown mechanisms.

The muCdc7 mutation causes degeneration of

in vitro cultured blastocyst outgrowths

To examine growth of blastocysts in vitro, blastocysts
from muCdc7+~ heterozygous intercrosses were collected,
cultured in vitro, and subsequently genotyped by PCR
(Figure 2A). After 24-48 h in culture, the spherical
blastocysts flattened onto the culture dish and the inner cell
mass (ICM) grew a mound on top of the trophoblast giant
cells (GCs) (Figure 2B). When muCdc7 null and
heterozygous embryos were cultured in vitro, they grew
at similar rates through E5.5. However, the sizes of the
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ICM of muCdc7 null blastocysts were smaller than those
of the wild-type counterpart at E6.0 (data not shown).
Subsequently, muCdc77- ICM diminished further in size
and completely disappeared by E8.5, leaving behind a
monolayer of GCs with large nuclei (Figure 2B). Analysis
of Cdc7 null GCs by phase-contrast microscopy and BrdU
labeling demonstrated that they were alive and undergoing
DNA replication at E8.5 (Figure 2C). GCs are mitotically
inactive and undergo repeated DNA replication, generat-
ing a polyploid nucleus and a large cytoplasm (Rugh,
1990). Immunostaining of in vitro cultured blastocysts
with a muCdc7-specific antibody indicates the presence of
muCdc7 protein in muCdc77~ GCs (Figure 2D). Thus,
the survival of muCdc7-~ GCs is likely to be due to the
presence of residual Cdc7 protein that persists in the
undividing cells.

Generation of conditional muCdc7-deficient

ES cell lines

The above results indicate that the muCdc7 functions
are essential for early embryogenesis or cell proliferation
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Fig. 3. Generation of conditional muCdc7-deficient ES cell lines. (A) Strategy for the generation of conditional muCdc77~ ES cell lines carrying a
Cre-removable (flox) muCdc7 transgene. (B) A schematic drawing of the structure of muCdc7 flox transgene. p(A) indicates a polyadenylation signal.
(C) RT-PCR analysis of total RNA isolated from muCdc7+tg ES clones. The primer pair, rtEFs/tMCas, shown in (B), was used to detect the expres-
sion of a transgene (upper panel). Expression of G3PDH was also examined as a control (lower panel). (D) Southern blotting analysis of conditional
muCdc7-deficient ES clones. Bglll-digested genomic DNA was hybridized with the probe a or b (see Figure 1A). Tg indicates the bands derived from

the transgene. (E) Expression of the transgene-encoded muCdc7 protein

in conditional muCdc7-deficient ES clones. Whole-cell extracts prepared from

the indicated cells were analyzed by immunoblotting with anti-muCdc7 (upper) or anti-c-tubulin (lower) antibody. A non-specifically reacting band is

indicated by the asterisk.

per se, or for both. In order to determine whether muCdc7
functions are required for cell proliferation per se, we
decided to generate mutant ES cell lines in which
inactivation of muCdc7 can be conditionally induced
(Figure 3A). For this purpose, we constructed a flox
muCdc7 transgene, which is flanked by the loxP sites and
can be excised later with Cre recombinase. The cDNA
used for the transgene was derived from one of the
muCdc?7 alternatively spliced forms (Kim ez al., 1998) and
encodes a 532 amino acid polypeptide which is fully
active for phosphorylation of the MCM complex in vitro
(J.M.Kim and H.Masai, unpublished data). The transgene
plasmid also contains a promoterless EGFP gene down-
stream of the transgene, which is expressed only after
excision of the loxP-flanked transgene and therefore can
serve as an indicator for the efficiency of Cre-mediated
excision (Figure 3B). The transgene was transfected into
muCdc7+" heterozygous ES cells by electroporation, and
puromycin-resistant muCdc7+-tg ES clones carrying the
transgene were identified by RT-PCR (Figure 3C). Fifteen
out of 48 puromycin-resistant clones were shown to
express transgene-derived mRNA. Four out of 15 clones
carried a single copy of the transgene. We then converted
the endogenous wild-type allele to the disrupted one

containing the neomycin marker through gene conversion.
This was accomplished simply by elevating the concen-
tration of G418 to 3 mg/ml (Mortensen et al., 1992). It
caused the selection of ES cells homozygous for the
targeted allele, which are expected to display resistance to
a higher concentration of G418 due to the presence of two
copies of the neo" gene. Using one of the muCdc7+tg ES
cells carrying a single copy transgene, 38 surviving clones
were isolated. Southern blot analysis indicated that 11 had
undergone expected gene conversion, generating condi-
tional muCdc7-deficient (muCdc77tg) ES cell lines
(Figure 3D). Western blotting showed that the expression
level of the transgene-encoded muCdc7 is ~3-5 times
higher than that of endogenous protein (Figure 3E). The
homozygous muCdc7 null ES cell lines could not be
established in the absence of the transgene (data not
shown), suggesting that muCdc7 functions are essential
for cell proliferation of ES cells.

muCdc7 is essential for ES cell viability

We subsequently infected these muCdc77tg ES cells with
adenoviruses expressing Cre recombinase (Ad-Cre) to
excise the transgene. FACS analysis indicated that nearly
100% of the cells were positive for EGFP as early as day 1
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after infection and its extent reached a maximum at day 3
(Figure 4A). This was also confirmed by examining the
cells under a microscope (Figure 4B). At day 4 after
infection, Ad-Cre-infected muCdc77-tg ES cells had
started to detach from the plates (see below), and EGFP
expression also decreased. We showed that muCdc7
protein expressed from the transgene disappeared at
day 2 after infection (Figure 4C). Thus, we were able to
establish mutant ES cell lines in which inactivation of the
muCdc7 gene could be conditionally induced.

We next examined the growth properties of the
muCdc7/tg ES cells after infection with Ad-Cre. The
increase in cell numbers stopped almost immediately
(Figure 5A). As the control, muCdc7+ tg ES cells carrying
the same transgene kept increasing in number under the
same condition, although the rate decreased compared
with non-infected cells, presumably due to the effect of
adenovirus infection. [*H]thymidine incorporation was
measured in these cell lines to determine the level of DNA
synthesis. In muCdc77tg ES cells, DNA synthesis was
almost completely inactivated as early as day 1 after
infection with Ad-Cre (Figure 5B). BrdU incorporation
was also significantly reduced at day 2 after infection and
was completely lost at day 3 (Figure 5C). These results
indicate that loss of muCdc7 results in rapid cessation of
DNA synthesis.

Depletion of muCdc7 in ES cells results in
accumulation of S-phase cells and formation of
nuclear Rad51 foci
We examined cell cycle distribution of Ad-Cre-infected
muCdc7-tg ES cells. Wild-type ES cells proliferating in
an undifferentiated state are characterized by unique cell
cycle distribution, with ~20% of the cells being in G
phase and ~80% in S and G,/M phases (Savatier et al.,
1994). Prior to infection, muCdc77tg ES cells essentially
exhibited the same pattern as the wild-type ES cells
(Figure 5D; data not shown). After infection of Ad-Cre, G,
phase peak decreased and the population of S/G, phase
cells increased in muCdc7--tg ES cells (Figure 5D). This
is expected from the results in the previous section, since
rather quick arrest of DNA synthesis after excision of the
transgene would lead to accumulation of S-phase cells.
The above results indicate that muCdc7 inactivation in
ES cells induces the arrest of replication forks, generating
signals for DNA damage or DNA structure checkpoint.
Upon DNA damage, recombination-dependent repair
processes are induced, and this leads to the appearance
of Rad51 foci in the nuclei (Haaf et al., 1995). We
investigated whether Rad51 protein generates foci in cells
depleted for muCdc7. Ad-Cre-infected muCdc7--tg ES
cells exhibited typical Rad51 nuclear foci, whereas wild-
type ES cells showed no nuclear foci under the same
condition (Figure 6A). This is consistent with the idea that
the arrested replication forks are being repaired in a
recombination-dependent manner. Similar focus forma-
tion was also observed in hydroxyurea (HU)-treated or
Y-ray-irradiated wild-type ES cells (Figure 6A).

Activation of G>/M checkpoint in muCdc7-/-

ES cells

The block of replication forks by DNA damage or HU is
known to induce G,/M blocks through inactivation of
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Fig. 4. Excision of the transgene in muCdc77-tg ES cells by infection
of Ad-Cre. (A) Flow cytometry analysis of green fluorescent protein
(GFP) expression in muCdc77tg ES cells at indicated times after
infection of Ad-Cre. The open and filled histograms indicate the fluor-
escence profile of uninfected and infected muCdc7/tg ES cells,
respectively. (B) Phase-contrast and fluorescence microscope evaluation
of GFP expression in muCdc77-tg ES cells infected with Ad-Cre. Left,
uninfected; middle, 2 days after infection; right, 4 days after infection.
Upper, phase contrast; lower, fluorescence microscope. Scale
bar = 40 pm. (C) Expression of the transgene-encoded muCdc7 protein
was detected by western blotting at days 2 and 3 after infection of
muCdc77tg ES cells with Ad-Cre. Upper, anti-muCdc7 antibody (Kim

¢«

et al., 1998); lower, anti-o-tubulin antibody. ‘-’ and ‘+’ indicate unin-
fected and infected cells, respectively. The rightmost lane represents
the same cells infected with a control adenovirus, AXCAG-GFP (kindly
provided by Dr Yumiko Kamogawa), for 3 days.

Cdc25 phosphatase (Furnari et al., 1997; Sanchez et al.,
1997). We investigated whether muCdc7 inactivation in
ES cells induces the Go/M checkpoint by examining the
phosphorylation on tyrosine 15 of Cdc2 kinase, a target
site of Cdc25 phosphatase. We observed a sharp increase
in tyrosine 15 phosphorylation upon inactivation of
muCdc7 (Figure 6B). We also conducted immunostaining
with an antibody that detects the phosphorylated serine 10
of histone H3. The H3 phosphorylation has been reported
to be an excellent marker for chromosome condensation
during mitotic prophase in mammalian cells (Bradbury,
1992). Ad-Cre-infected muCdc7-tg ES cells were virtu-
ally negative with this antibody, whilst muCdc7++ ES
cells treated similarly showed significant fractions of
immunopositive cells (Figure 6C). These results indicate
that loss of muCdc7 induces G,/M checkpoint signals.

Induction of cell death and increased p53
expression in muCdc7~/- ES cells

At day 4 after infection, the Ad-Cre-infected muCdc7-tg
ES cells started to detach from the plates and lose viability.
We therefore examined whether infected muCdc7-tg ES
cells were undergoing apoptosis using terminal deoxy-
nucleotidyltransferase-mediated dUTP nick end labeling
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Fig. 5. Cell proliferation, DNA synthesis and cell cycle profile of muCdc7--tg ES cells after removal of the transgene. muCdc7--tg and muCdc7+-tg
ES cells were infected with Ad-Cre at a m.o.i. of 50. (A) The numbers of viable cells, as indicated in the figure, were counted at various time points
(0-3 days) after infection. (B) The same set of cells were incubated for 1 h in the presence of 1 puCi of [*H]thymidine at different times after infection,
and its incorporation was measured. In uninfected muCdc77-tg or Ad-Cre-infected muCdc7+-tg ES cells, the drops in [*H]thymidine incorporation at
68 and 72 h after infection are the results of overgrowth. (C) At days 2 or 3 after infection, cells were pulse-labeled with 10 uM BrdU for 20 min,
fixed and incubated with anti-BrdU antibody to detect BrdU incorporation (upper, red). DNA was detected by DAPI staining (lower, blue). Scale
bar = 20 um. (D) Flow cytometry analysis of DNA content of muCdc7-tg (upper) or muCdc7+-tg (lower) at indicated times after infection of
Ad-Cre. In (A) and (B), the values represent average of three independent experiments.

(TUNEL) assays. Figure 7A shows that most of the
Ad-Cre-infected muCdc77tg ES cells at day 3.5 were
TUNEL positive. These observations indicate that the
depletion of muCdc7 protein in ES cells results in growth
arrest in S phase and eventually leads to cell death. The
occurrence of cell death was also indicated by the
appearance of DNA fragmentation in muCdc7~~ ES cells
(Figure 7B).

The observed cell death could simply be due to
permanent cell cycle arrest at S phase caused by lack of
muCdc7 protein. Alternatively, active cell death may be
responsible for this. In response to DNA damage induced
by UV or y-ray irradiation, p53 is stabilized and accumu-
lates in the nucleus, where it induces the expression of
genes involved in cell cycle arrest or apoptosis (Carr,
1996; Hansen and Oren, 1997; Levine, 1997). We have
noted that levels of pS3 and phosphorylation on serine 15
of p53 (Banin et al., 1998; Canman et al., 1998; Tibbetts
et al., 1999; Shieh et al., 2000) increased in infected
muCdc7/tg ES cells, whereas the wild-type ES cells
showed no increase under the same conditions (Figure 7C).

We then conducted immunostaining to determine
whether increased p53 protein localized in the nucleus.
Previous studies demonstrated that embryonic carcinoma
cells and undifferentiated ES cells contain cytoplasmic
wild-type p53 protein under normal growing conditions
(Lutzker and Levine, 1996; Sabapathy er al., 1997;
Aladjem et al., 1998). In uninfected or Ad-Cre-infected
wild-type ES cells, p53 protein was almost exclusively
localized in the cytoplasm. In contrast, Ad-Cre-infected

muCdc77tg ES cells exhibited staining of higher inten-
sity, which was detected in both the cytoplasm and nuclei
(Figure 7D). These results indicate that muCdc7 inactiva-
tion in ES cells resulted in induction and nuclear
localization of p53 protein. In order to examine p53-
mediated transcriptional activation in Ad-Cre-infected
muCdc7-tg ES cells, we conducted northern blot analysis
of endogenous p53 target genes (Figure 7E). p21, mdm?2
and cyclinG mRNA levels increased, while bax-Ia and
gadd45 levels stayed relatively constant. These data
indicate that p53 is transcriptionally active in muCdc7-
deficient ES cells. Western blot analysis revealed that the
level of p21 protein increased in infected muCdc7--tg ES
cells (Figure 7C).

Our results suggest a possibility that aberrant replication
structures resulting from S-phase arrest in muCdc7~~ cells
may be sensed as checkpoint-inducing signals, eventually
leading to pS3-dependent apoptosis.

Cell death in muCdc7~- ES cells requires

p53 function

In order to address whether cell death in muCdc77/~ ES
cells depends on p53 function, we have used pifithrin-c,
which is known to prevent nuclear accumulation of p53
(Komarov et al., 1999). Treatment of Ad-Cre-infected
muCdc7-tg ES cells with pifithrin-o. led to a significant
increase of surviving cells (Figure 8A). Under this
condition, the levels of p53 and p21 proteins decreased
(Figure 8B), indicating that the drug decreased stability of
the p53 protein. We also examined the effect of expression
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immunoblotting with antibodies against Cdc2, phosphorylated Tyr'> of Cdc2 and a-tubulin. (C) Cells infected for 2.5 days were stained with an
antibody specific to Ser'® phosphohistone H3 (pSer!'® HH3, red) to detect those in mitosis. Cells were counterstained with DAPI to localize the nucleus
(blue). Merge: merged images of pSer!® HH3 and DAPI staining. Scale bar = 10 pm.

of human papilloma virus E6 protein, which inactivates
p53 (Thompson et al., 1997), and the Mdm?2 protein,
which promotes degradation of p53 (Haupt et al., 1997;
Kubbutat et al., 1997). Both E6 and Mdm?2 proteins
partially prevented the cell death of muCdc77 ES cells
(Figure 8C), whereas they did not affect the viable cell
numbers in muCdc7+/+ cells under the same condition
(data not shown). These results indicate that cell death
observed in muCdc77- ES cells requires p53 function.

Partial rescue of muCdc7-/- embryonic lethality by
p53 null mutation

To examine whether the early embryonic lethality of the
muCdc7-deficient embryos would be rescued by the loss of
p53 function, 190 pups from double heterozygous crosses
(muCdc7+p53*~ X muCdc7*p53*"~) were genotyped
by PCR. None of them was homozygous for muCdc7
(data not shown), indicating that the lethal phenotype
could not be rescued in a p53 null background. Next,
94 embryos at E7.5, 96 embryos at E8.5 and 65 embryos at
E9.5 from double heterozygous crosses were isolated and
genotyped by PCR (Figure 9A). Interestingly, four E7.5
and two E8.5 embryos were homozygous for both muCdc7
and p53 (Figure 9A; Table II), although they were growth
retarded in development. No double knockout embryos
survived past E9.5. These results indicate that loss of p53,
leading, presumably, to reduced apoptosis, can partially
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rescue the early embryonic lethality of muCdc7-deficient
embryos.

To further confirm this notion, we examined muCdc77~
blastocysts. E3.5 blastocysts were collected from double
heterozygous crosses, cultured in vitro until E8.5, and
subsequently genotyped. muCdc7-~ outgrowth in the p53
null background developed ICM, although its size was
smaller than that of the wild type, whereas muCdc77/~
outgrowths in either a wild-type or heterozygous p53
background developed no ICM at E8.5 (Figure 9B), as was
shown above (Figure 2B). This indicates that loss of p53
can partially rescue survival of muCdc77~ ICM in vitro.

Taken together, our observations strongly indicate that
loss of Cdc7 functions results in p53-dependent cell death
in ES cells and in early embryos.

Discussion

The machinery of DNA replication is strikingly conserved
throughout evolution (Stillman, 1996). In eukaryotes,
initiation and progression of DNA replication need to be
under strict regulation during normal cell cycle progres-
sion as well as in an emergency (such as in the presence of
DNA-damaging agents). To achieve this exquisite regu-
lation, protein kinases play crucial roles. Cdc7, originally
discovered in budding yeast, is expected to play conserved
essential functions in DNA replication (Sclafani, 2000;
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Fig. 7. Induction of cell death with concomitant activation of p53 protein in muCdc7-~ ES cells. muCdc7+* and muCdc77tg ES cells were infected
with Ad-Cre at a m.o.i. of 50. (A) TUNEL assays (red) and DAPI staining (blue) of ES cells at 3.5 days after infection. Scale bar = 20 um. (see
Supplementary figure 1 for positive control of TUNEL assay.) (B) DNA was extracted from infected ES cells at the indicated times and was analyzed
on 1.5% agarose gel. Std, DNA size marker. (C) Western blotting analysis of p53 and p21 in muCdc77-tg ES cells. Cells were harvested at the
indicated times after infection and cell extracts were analyzed by immunoblotting using antibodies against p53, phosphorylated Ser'> of p53, p21 and
a-tubulin. (D) Cellular localization of p53 at 2.5 days after infection. Cells were immunostained with an antibody against p53 (red) and counterstained
with DAPI (blue). Merge: merged images of pS3 and DAPI staining. Scale bar = 1 um. (E) Northern blot analysis of some of the p53 target genes.
Fifteen micrograms of total RNA isolated from the ES cells at the indicated times after infection was run on agarose gel and blotted with the probes
indicated. (See also Supplementary figure 2 for responses of the wild-type ES cells to HU and 7y-ray irradiation.)
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Fig. 8. p53 is required for apoptosis observed in muCdc7~ ES cells. muCdc7*+ and muCdc77tg ES cells were infected with Ad-Cre at a m.o.i. of
50. (A) Pifithrin-o (10 uM), a specific inhibitor of p53, or dimethylsulfoxide was (DMSO) added at day 1 after infection. Cells were collected at the
indicated times after infection and the cell number was determined by Trypan Blue staining. (B) ES cells treated as in (A) were harvested at the
indicated times. Cell extracts were analyzed by immunoblotting with antibodies against p53, phosphorylated Ser!S of p53, p21 and o-tubulin.
(C) Mdm?2 or E6-expressing adenovirus was infected at day 1 after Ad-Cre infection. Cell number was determined at 3.5 days after Ad-Cre infection.
In (A) and (C), the values are averages of three independent experiments.

Masai and Arai, 2002). In the present study, we have done this by generating muCdc7-deficient mice as well as
attempted to genetically define the roles of Cdc7 kinase in by exploiting a conditionally inducible gene inactivation
mammalian development and cell proliferation. We have system in ES cells.
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Fig. 9. Partial rescue of ICM proliferation of muCdc7- blastocysts by p53 null mutation. (A) PCR genotyping of embryos isolated from
muCdc7*-p53*~ intercrosses. The top illustrations show the locations of the primers (ex9F/lacIF/ex10R) used for the analysis of p53 alleles (Gondo
et al., 1994). Filled and open boxes indicate exons and inserted lacZ, respectively. muCdc7 allele was detected by P2/K33/P4 as in Figure 1C.
(B) Blastocysts isolated from muCdc7+-p53* intercrosses, with the genotype indicated, were cultured in vitro until E8.5. Arrows indicate ICM and
GCs. Upper, phase-contrast microscopy; lower, DAPI staining. Scale bars = 50 um.

Table II. Partial rescue of early embryonic lethality of muCdc7-deficient mice by p53 null mutation

Genotypes of p53 p53*+ p53*- p337- Total No.
Genotypes of muCdc7 +/+ +/— /- +/+ +/— —/- +/+ +/— —/-

No. of E7.5 embryos 5 18 0 13 38 0 6 10 4 94

No. of E8.5 embryos 6 18 0 16 40 0 4 10 2 96

mucCdc7 is essential for embryonic development
We have shown that muCdc7 deficiency leads to early
embryonic lethality in mice (Table I), and that muCdc7
null blastocysts cultured in vitro until E8.5 did not develop
any ICM (Figure 2B). However, muCdc7~~ GCs survived
and synthesized DNA under the same conditions, and this
is likely to be caused by remaining maternal stock of
muCdc7 protein in undividing GCs (Figure 2C and D).
Similarly, survival of the null embryos until E3.5
(blastocysts) may be due to the maternal muCdc7 stock.
It is also possible that DNA replication of fertilized eggs
may not require Cdc7 functions for initiation, and may be
regulated by mechanisms entirely different from those of
somatic cells.

Strategy for generation of conditional
muCdc7-deficient ES cell lines

Since our initial attempts to generate muCdc7 knockout
mice indicated that muCdc7 deficiency results in early
embryonic lethality, we needed to manipulate the genome
so that we can conditionally induce inactivation of the
muCdc7 gene. Our strategy was to induce complete
knockout of the endogenous muCdc7 in the presence of
a single copy of the transgene, which encodes a muCdc7
c¢DNA and could support the growth of the knockout cells
(Figure 3A and B). The transgene is flanked by the loxP
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sites and, therefore, can be excised. We inserted a
promoterless EGFP gene downstream of the transgene
(outside the loxP cassette) so that it was expressed only
after successful excision of the transgene and we could
monitor the efficiency of excision (Figure 4A and B). We
used the EFI«a promoter, which was expected to be
ubiquitously active, to express the transgene, since Cdc7
expression is relatively constant during the cell cycle (Kim
et al., 1998; Kumagai et al., 1999). The complete loss of
the endogenous muCdc7 alleles could be efficiently
achieved by screening for the survivors in the presence
of higher concentration of G418. When this was conducted
on the heterozygous muCdc7+~ ES cells in the absence of
a transgene, very few survivors were obtained and they did
not have expected chromosome structures at the muCdc7
locus (data not shown). In contrast, in the presence of the
transgene, the cell lines with complete disruption of both
alleles were readily obtained (Figure 3D), and these
mutant cell lines were indistinguishable from the wild-
type cells in terms of growth properties (data not shown).
This indicates that constitutive expression of the 532
amino acid form of muCdc7 can fully support normal
growth of ES cells.

Upon infection of these cell lines with adenoviruses
encoding the Cre recombinase, EGFP expression was
induced within 1 day and almost 100% of the cell



population was positive for EGFP (Figure 4A and B),
indicating that excision of the transgene took place
efficiently. We obtained 11 independent clones expressing
a transgene and in all cases the transgene was efficiently
excised by Cre recombinase, indicating that the method
could generally work in generating mutant ES cells, in
which essential genes are conditionally inactivated.

Loss of muCdc7 leads to S-phase arrest,

induction of recombinational repair and

the G>/M checkpoint

The mutant ES cells rapidly ceased the increase in cell
numbers and DNA synthesis following inactivation of
muCdc7 (Figure SA-C). Unexpectedly, analysis of DNA
content revealed S-phase arrest of Cdc7-depleted ES cells
(Figure 5D), rather than G,/S arrest with DNA content of
unreplicated cells, which is observed in yeasts under the
equivalent condition. In budding yeast, replication forks
derived from early firing origins can complete the
replication of the entire chromosomes in the absence of
firing of late origins. In ES cells, in contrast, the loss of
firing from late origins causes rather immediate cessation
of DNA synthesis and results in suspended S phase,
indicating that the chromosomal DNA replication cannot
be completed in the absence of continuous firing of
origins. This difference may be due to much larger sizes of
the mammalian chromosomes, the replication of which
would require firing of thousands of origins under normal
growing conditions. The replication forks from the early
firing origins would continue to travel along the chromo-
some, but would be likely to encounter obstacles along the
way, which would halt their progression or disintegrate the
replicative complexes at the forks. Alternatively, collision
of ongoing replication forks with unfired prereplicative
complex may arrest the forks in ES cells. It is also possible
that mammalian Cdc7 may target molecules essential for
DNA chain elongation.

Whatever the case, the arrested replication forks
generate checkpoint signals so that the cell cycle progres-
sion is temporally suspended and the forks are rescued
(Hartwell and Weinert, 1989; Elledge, 1996; Chan ef al.,
2000). We have shown that this is indeed the case in
muCdc7-~ ES cells by showing induction of phosphoryl-
ation of Cdc2 on tyrosine 15 and the absence of histone H3
phosphorylation, as well as formation of nuclear Rad51
foci (Figure 6).

p53-dependent cell death induced by replication
fork block in ES cells

We have shown that inactivation of muCdc7 in ES cells
eventually induces cell death, and that it depends on the
p53 function. Extension of the lifespan of muCdc77
embryos by p53~~ mutation also suggests the occurrence
of p53-dependent cell death in early embryogenesis upon
loss of muCdc7.

The wild-type ES cells undergo rapid cell death upon
treatment with HU as well, with concomitant induction of
nuclear Rad51 foci and p53 protein (Figure 6A;
Supplementary figure 2 available at The EMBO Journal
Online). Thus, ES cells appear to be particularly sensitive
to S-phase arrest. Transcription of p21, mdm2 and cyclinG
target genes of p53, is induced in ES cells after
inactivation of muCdc7 or treatment with HU (Figure 7E;

Cell death in conditional Cdc7-deficient ES cells

Supplementary figure 2). This is in contrast to differen-
tiated mammalian cells, in which p53 protein is stabilized
but target genes are generally not induced in response to
replication block (Gottifredi et al., 2001). We consider the
following possibilities to explain this difference. (i) A
unique signal transduction pathway is induced by replica-
tion fork block in undifferentiated ES cells, which
generates transcriptionally active p53, whereas, in differ-
entiated cells, p53 protein, although stabilized, is some-
how rendered inactive after S-phase arrest. (ii) The
number of arrested replication forks is larger in undiffer-
entiated ES cells, resulting in a higher level of checkpoint
signals and hyperactivation of p53. In fact, the numbers of
Rad51 foci of ES cells arrested in S phase by inactivation
of muCdc7 as well as by HU are larger than that of y-ray-
irradiated ES cells (Figure 6A), in which cells are arrested
at G,/M phase without significant cell death (see
Supplementary figure 2). (iii) It could simply be due to
the level of endogenous p53, which, in an unperturbed
state, is higher in undifferentiated ES cells than in
differentiated cells. Whatever the mechanism, the ten-
dency of ES cells to undergo apoptosis in response to
replication fork block would facilitate the maintenance of
high genomic integrity as a population, and this charac-
teristic would be highly desirable for those cells with
tautipotency.

In summary, our results demonstrate the essential roles
of Cdc7 kinase in DNA synthesis and cell proliferation of
mammalian cells, and that the absence of Cdc7 kinase
leads to S-phase arrest, which generates DNA structure
checkpoint signals resulting in recombinational repair and
eventual p5S3-dependent cell death.

Materials and methods

Cells

The parental ES cell line used in this study was CCE 28. ES cells were
maintained on a layer of mitomycin C-treated feeder cells in Dulbecco’s
modified Eagle’s medium, supplemented with 20% fetal bovine serum,
2 mM L-glutamine, 0.1 mM non-essential amino acids and 0.1 mM
B-mercaptoethanol in the presence of 10° U/ml murine leukemia
inhibitory factor (LIF).

Generation of muCdc7 knockout mice

The targeting vector plasmid, in which the 4.3 kb DNA fragment
containing exons 3 and 4 (encoding essential kinase domains I and IT) of
muCdc7 was replaced with a 1.1 kb pMCI-neomycin resistance cassette
(neo®), was linearized and electroporated into CCE 28 ES cells.
Transformants were selected by resistance to G418 at 250 pg/ml for
the presence of the neo' genes, and by resistance to ganciclovir at 5 uM
for the absence of the tk gene.

Construction of a flox transgene vector

The flox transgene plasmid containing a hEFlo. promoter-driven wild-
type muCdc7 cDNA flanked by the loxP sites (Figure 3B) was constructed
as follows. First, pEFlo-loxP-p(A)-loxP-EGFP was constructed by
inserting the EGFP coding region at the Swal site of pEF1a-loxP-p(A)-
loxP, in which the original chicken B-actin gene (CAG) promoter of
pCAG-loxP-p(A)-loxP was replaced with hEFlo promoter (kindly
provided by Dr Sumio Sugano). The muCdc7-PGKpuro® cassette,
constructed by inserting a muCdc7 cDNA fragment into the pPGK-
Puro-p(A) plasmid, was cloned at the Notl site present between the two
loxP sites, resulting in the flox transgene vector pEFlo-loxP-muCdc7-
PGKpuro'-loxP-EGFP.
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Generation of muCdc7~- ES cells carrying a muCdc7
transgene

The flox muCdc7 transgene pEF1a-loxP-muCdc7-PGKpuro™-loxP-EGFP
was introduced into one of the muCdc7*~ ES clones by electroporation,
and transfected cells were cultured in the presence of 0.6 ug/ml
puromycin for 8 days. Southern blotting and RT-PCR were conducted
to identify four puromycin-resistant clones (muCdc7+tg ES clones),
which carried a single copy of the transgene on a chromosome and
transcribed the transgene-derived mRNA. The primer set, ‘rt-EFs’ and
‘tMCas’, amplified a 370 bp fragment from the mRNA product of the
transgene. We then generated muCdc7--tg ES clones by culturing one of
the muCdc7+-tg ES clones in the presence of an increased concentration
of G418 (3 mg/ml).

Infection of ES cells with adenoviruses

AXxCANCre (Ad-Cre; Kanegae et al., 1995) was amplified on 293 cells
and purified by two rounds of CsCl density centrifugation. Ad-Mdm?2,
Ad-E6 and Ad-ctr]l were gifts from Cyrus Vaziri (Nghiem et al., 2001).
Added to ES cells, resuspended in a small volume of ES medium, were
recombinant adenoviruses at a m.o.i. of 50 (Ad-Cre) or a m.o.i. of 200
(Ad-ctrl, Ad-Mdm2 and Ad-E6). After incubation for 1 h, cells were
diluted with fresh ES medium containing murine LIF (10* U/ml) and
plated in 6-well gelatinized plates. The cultures were maintained with
daily change of the media.

Supplementary data
Supplementary data for this paper are available at The EMBO Journal
Online.
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