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RecA in Escherichia coli and its homolog, ScRad51 in Saccharomyces cerevisiae, are known to be essential for
recombinational repair. The homolog of RecA and ScRad51 in mice, MmRad51, was mutated to determine its
function. Mutant embryos arrested early during development. A decrease in cell proliferation, followed by
programmed cell death and chromosome loss, was observed. Radiation sensitivity was demonstrated in
trophectoderm-derived cells. Interestingly, embryonic development progressed further in a p53 null back-
ground; however, fibroblasts derived from double-mutant embryos failed to proliferate in tissue culture.

The repair of double-strand breaks (DSB) in DNA is an
essential cellular process that spans the evolutionary scale and
that may occur during general cellular functions such as DNA
repair or during species-specific cellular functions such as mat-
ing-type switch in Saccharomyces cerevisiae and V(D)J (vari-
able [diversity] joining) recombination in mammals (for re-
views, see references 23, 29, and 69). In bacteria and yeast cells,
DSB are predominantly repaired by a homologous recombina-
tion pathway (42, 54).
In the budding yeast S. cerevisiae, repair of DSB occurs

through a homologous recombination pathway that depends
on the RAD52 epistasis group (Rad50 to Rad57), which was
identified in cells sensitive to ionizing radiation. Some mem-
bers of this group were shown to be important for recombina-
tional repair during mitotic and meiotic recombination (for
reviews, see references 23, 24, and 61). Among the members of
the RAD52 epistasis group, ScRad51 is interesting because of
its similarity to an Escherichia coli recombination protein,
RecA (1, 6, 75). They have approximately 30% homology in
about 220 amino acids and polymerize on double-stranded and
single-stranded DNA, showing a nearly identical helical fila-
ment (60). ScRad51 and RecA catalyze an ATP-dependent
strand exchange between homologous DNA molecules (63, 78,
79).
ScRad51 repairs DSB by recombination. DSB accumulate at

recombination hot spots in cells that lack ScRad51 during
meiosis (75). ScRad51 and another RecA homolog, DMC1,
colocalize to meiotic nuclei (10) and promote meiotic chromo-
some synapsis (68). Therefore, ScRad51 may mediate meiotic
recombination by binding to single strands generated at DSB,
which could lead to pairing and strand exchange during mei-
osis, as suggested by Sung and Robberson (79).
RecA and ScRad51 homologs have been discovered in a

wide range of organisms, including the fission yeast Schizosac-
charomyces pombe (36, 56, 74), lilies (82), chickens (9), mice
(53, 74) and humans (74, 89), and appear to be involved in
DNA repair and recombination on the basis of the following
indirect evidence. (i) Conserved RecA homology: MmRad51 is
83% homologous and 69% identical to ScRad51 and 51%
homologous and 28% identical to RecA. The level of homol-
ogy between mammalian and yeast Rad51 suggests conserved

function because of the remarkable similarity between other
mammalian and yeast repair pathways (for a review, see ref-
erence 16). (ii) Expression pattern: MmRAD51 is highly ex-
pressed in tissues involved in meiotic recombination (i.e., tes-
tes and ovaries) (53, 74), and expression of the S. pombe
homolog, SpRAD51 (also called rhp511), increased after cells
were treated with methyl methanesulfonate, suggesting a role
in DNA repair (36). (iii) Protein cellular localization: Mouse,
chicken, and lily Rad51 localized as discrete foci on meiotic
chromosomes at varying concentrations during prophase 1,
possibly on the lateral elements and recombination nodules,
suggesting a role in the repair of DSB during meiotic recom-
bination (3, 28, 82). Human Rad51, HsRad51, migrated to the
nucleus with increasing concentration after exposure to DNA-
damaging agents, suggesting a repair function (82). (iv) Fila-
ment formation on DNA: HsRad51 bound to single-stranded
DNA demonstrating a potential for strand exchange (8).
To date there is no direct evidence to describe MmRad51

function. MmRad51 was mutated by the embryonic stem (ES)
cell and gene-targeting technology to directly test its function
in mice. The mutant embryos arrested in development shortly
after implantation. There was a decrease in cell proliferation
followed by programmed cell death, and trophectoderm-de-
rived cells were sensitive to gamma radiation. Severe chromo-
some loss was observed in most mitotically dividing cells. The
mutant embryos lived longer and developed further in a p53
mutant background; however, double-mutant embryonic fibro-
blasts failed to proliferate in tissue culture, reflecting the em-
bryos’ limited life span.

MATERIALS AND METHODS

Generation of the rad51M1mutation.All the vectors were constructed from the
same genomic clone isolated from a 129/SvEv library (Stratagene). The exon-
intron boundaries were determined and labeled a to e because the first exon was
not found in this genomic fragment. Exon b is the first coding exon. DVhygro and
DVpuro contain 7 kb of homologous sequences from KpnI to XhoI (engineered),
and a 300-bp SacI-EcoRI fragment was replaced with a positive selection cas-
sette. Exon d was deleted. DVpuro2 contains 6.8 kb of homologous sequences
from EcoRI to XhoI, and a 1.7-kb SacI-EcoRI fragment was replaced with a
positive-selection cassette. An internal KpnI site was destroyed. The positive-
selection cassette was PGKpurobpA for DVpuro and DVpuro2 which contained
the puromycin N-acetyltransferase gene (51). The positive-selection cassette was
PGKhygrobpA for DVhygro which contained the hygromycin B phosphotrans-
ferase gene (11). Both PGKpurobpA and PGKhygrobpA contained the phos-
phoglycerate kinase 1 promoter pgk-1 (2) and the bovine growth hormone poly-
adenylation sequence bpA (62). The negative-selection cassette was MCltk (50).
AB1 ES cells were transfected with the targeting vectors and cultured as

previously described on a monolayer of mitotically inactivated SNL 76/7 STO
cells (12). Cells were grown in M15 (15% fetal calf serum from HyClone,
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Dulbecco’s modified Eagle’s medium from Gibco, 1024 M b-mercaptoethanol, 2
mM L-glutamine, 49.5 U of penicillin per ml, and 38.8 mg of streptomycin per
ml). Cells were trypsinized and resuspended in phosphate-buffered saline (PBS)
(Ca21 and Mg21 free). Transfection was performed by electroporation of 10 mg
of vector cut with KpnI (in the polylinker) in PBS containing 107 cells per ml at
230 V and 500 mF with a Bio-Rad gene pulser. One electroporation was plated
onto four 10-cm-diameter plates, and positive and negative selection media were
added 24 h later. For DVpuro and DVpuro2, a final concentration of 3 mg of
puromycin per ml was used for positive selection, and for DVhygro a final
concentration of 200 mg of hygromycin per ml was used for positive selection. For
all vectors, a final concentration of 0.2 mM FIAU [1-(29-deoxy-29-fluoro-b-D-
arabinofuranosyl)-5-iodouracil] was used for negative selection. After 9 days in
selection, colonies were picked for Southern analysis.
Southern and PCR analysis. Genomic DNA was extracted from ES cells for

Southern analysis by the microextraction procedure (64). EcoRV-digested DNA,
separated by electrophoresis through a 0.7% gel in TAE buffer (0.04 M Tris-
acetate, 0.001 M EDTA), was transferred to a Hybond-N1 filter (Amersham)
and hybridized to random primed labeled probe (exon a) according to the
manufacturer’s specific conditions (Amersham).
Three primers were used in the PCR mixture. The 59 sense primer to the

MmRAD51 intron upstream of exon d (59-AATCACAGTCTAAAGCATTTTG
G-39) was used to detect both wild-type and mutant alleles. The 39 antisense
primers to exon d (59-GCTTGTCCAGCTCTTTGGAGCCA-39) and the pgk-1
promoter (59-CCAAGGCCTACCCGCTTCCATT-39) were used to detect the
wild-type and mutant alleles, respectively. The PCR was performed with 35
cycles of amplification at 948C for 30 s, 578C for 1 min, and 728C for 1 min in a
Perkin-Elmer DNA thermal cycler 480. Fragments of 270 bp (wild type) and 450
bp (mutant) were generated. The fragments were separated in a 1% agarose gel
in TAE buffer by electrophoresis. To prove the fragments were not artifacts, they
were transferred to a Hybond-N1 filter (Amersham) and hybridized to an
internal sense oligonucleotide (59-TGGTGAAACCCATTGGAACCAA-39) end
labeled with g-ATP (not shown).
The genotypes of cells from mouse tails, yolk sacs, embryos, and histological

sections and the genotypes of cultured trophoblast-like cells were determined by
PCR amplification of genomic DNA. DNA samples were prepared from embryos
as described by Imamoto and Soriano (35). DNA was prepared from histological
sections after completion of BrdU (5-bromo-29-deoxyuridine) labeling and a
terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) assay. The embryonic cells were isolated from the maternal cells by
scraping the maternal component off the slide with a 25G5/8 needle. A hydro-
phobic slide marker (PAP PEN from Kiyota Express) was used to draw a barrier
around the embryo. Lysis buffer was added directly to the embryo and removed
10 min later. The contents in the lysis buffer were then processed as described by
Imamoto and Soriano. Half of the product was used for PCR, and hybridization
was needed to easily visualize the amplified fragments. The genotypes of embry-
onic cells to be used in the gamma radiation experiment were determined by
PCR. On day 7, the trophoblast-like cells and floating embryos were lysed. The
genotypes of embryos used for the acridine orange stain and for metaphase
spreads were initially determined by size and then confirmed by PCR on a subset
of cells.
Genotype determination of p53 was performed as described previously (19)

with genomic DNA isolated from either tails, whole embryos, yolk sacs, or
murine embryonic fibroblasts (MEF). BamHI-digested DNA was separated by
agarose gel electrophoresis and hybridized to exons 2 to 6 from cDNA. Only
about 1 to 2 mg of DNA was generated from the yolk sacs of 8.5-day-old embryos;
therefore, about 5 ng was used for the genotype determination of MmRAD51 by
PCR and the remainder was digested with BamHI and loaded in a small well (1.5
mm by 3 mm) for the genotype determination of p53 by Southern analysis.
Analysis of an MmRAD51 transcript.mRNA was isolated from embryonic day

(E) 7.0 embryos by using the lysate mRNA capture kit for reverse transcriptase
PCR (Amersham). Briefly, after embryos were incubated in lysis solution for 5
min with 4 M guanidium thiocynate, the membrane was incubated with cell lysate
to capture mRNA for 30 min at room temperature. The membrane was rinsed
three times with 13 PCR buffer, and reverse transcription was performed with
random hexamer primers and reverse transcriptase for 30 min at 428C. The total
volume was increased by adding H2O to 100 ml. The quantity of mRNA was
roughly estimated by measuring the PCR amplification product with glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) primers on 2 ml of the final solution
after 30 cycles. The amplified products were observed on a 1% agarose gel after
electrophoresis. PCR was done for GAPDH with the following primers: 59 sense
primer, 59-AAGGTCATCCCAGAGCTG-39; 39 antisense primer, 59-GCCATG
AGGTCCACCACCCT-39. PCR was done for XRCC5 with the following prim-
ers: 59 sense primer, 59-ATGGGTAACTCCATTCCTGGTGAA-39; 39 antisense
primer 59-TTGAGGAAAGGAGGGTTTGAG-39. PCR was performed for
MmRAD51 with the following primers: 59 sense primer, 59-ATGGCTATGCAA
ATGCAGCTT-39; 39 antisense primer, 59-AAACATCTCTGTGATAGATCC-39.
The MmRAD51 PCR product was transferred to a Hybond-N1 filter (Amer-
sham) and hybridized to an internal oligonucleotide probe, 59-CCACTGTATG
GTACCCAA-39. PCR conditions were 938C for 30 s, 598C for 1.5 min, and 728C
for 1 min for 30 cycles.
Histological analysis and BrdU labeling. Embryos were fixed in 10% buffered

formalin, processed, and embedded in paraffin by using standard procedures

(38). Sagittal sections (7 mm thick) were cut and stained with hematoxylin and
eosin. At E5.5, 5 radM1 mutant and 13 control embryos were observed. At E6.5
three radM1mutant and eight control embryos were observed. At E7.5 four radM1

mutant and nine control embryos were observed.
BrdU labeling was performed as described by Hayashi and colleagues (33).

Pregnant females were injected intraperitoneally with BrdU (100 mg of BrdU per
g of body weight) and sacrificed 25 min later for E5.5 embryos or 70 min later for
E6.5 and E7.5 embryos. Embryos were processed for histology. The sections were
incubated with 0.02% pepsin (Sigma) in 0.01 N HCl for 20 min at 378C. DNA was
denatured with 2 N HCl for 45 min at room temperature and neutralized with 0.1
M sodium borate. The sections were incubated with anti-BrdU antibody (Am-
ersham cell proliferation kit) for 60 min at room temperature, washed with PBS,
and incubated with peroxidase anti-mouse immunoglobulin G for 30 min. After
washes in PBS, sections were visualized with DAB (3,39-diaminobenzidine) and
counterstained with hematoxylin. Quantitation was performed by counting
BrdU-labeled and unlabeled (hematoxylin-stained) cells. At E5.5, 5 radM1 mu-
tant and 13 control embryos were observed. At E6.5 three radM1 mutant and five
control embryos were observed. At E7.5 four radM1 mutant and four control
embryos were observed.
Cell death analysis. A TUNEL assay was performed on histological sections of

E6.5 and E7.5 embryos (25). The TUNEL reaction kit (Boehringer Mannheim)
was used according to instructions to detect incorporation of fluorescein-dUTP
mediated by terminal transferase. Briefly, sections were incubated with protein-
ase K (20 mg/ml in 10 mM Tris-HCl, pH 7.5) for 20 min at 378C and washed with
PBS. The sections were then incubated with 50 ml of TUNEL reaction mixture
for 60 min at 378C. After being washed with PBS, samples were directly analyzed
under a Leitz Laborlux S fluorescence microscope. At E6.5 two radM1 mutant
and two control embryos were observed. At E7.5 three radM1 mutant and three
control embryos were observed.
Embryo culture and radiation analysis. Blastocysts were isolated 3.5 days after

a rad51M11/2 cross by standard procedures (day zero). On day zero, embryos
were exposed to gamma radiation in a 137Cs gamma irradiator and then plated
onto a 6-cm-diameter gelatinized plate and allowed to attach in M15 medium.
The trophoblast-like cells were counted on day 7.
Measurement of DNA content. Metaphase spreads were performed after an

intraperitoneal injection of colcemid (2 mg per g of body weight; Sigma) to
pregnant females 2 h before they were sacrificed. Chromosome staining was
performed by an air-drying method on cells derived from E7.5 embryos as
described previously (81). Disaggregated cells from embryos were incubated with
1% hypotonic sodium citrate for 30 min at 378C. After fixation for 5 min in 3:1
ethanol-acetic acid solution, cells were spread on a grease-free slide, dried for
2 h, and prestained with 2% orcein in 50% lactic acid. Slides were rinsed with a
50% lactic acid-acetic acid solution and subsequently stained with 2% orcein and
examined under a microscope.
An acridine orange stain (27) was performed on cells derived from E7.5

embryos. Three rad51M12/2 embryos were trypsinized together, and three con-
trol embryos were trypsinized individually. Half of the sample was used for
genotype determination by PCR, and half was stained with acridine orange (0.3
mg/10 ml). The cells were immediately viewed with a Leitz Laborlux S fluores-
cence microscope (magnification, 350). The film was exposed under oil immer-
sion at 400 ASA with the spot setting to isolate a single cell. Genetic content was
grossly measured by fluorescence emission as determined by exposure time: the
longer the time, the less DNA. MEF derived from three control E9.5 embryos
and one p532/2 rad51M12/2 embryo were also observed by a similar technique.
MEF generation and culture. To generate MEF, E8.5 and E9.5 embryos were

isolated and incubated in 50 ml of trypsin for 15 min and then disaggregated by
pipetting after the addition of 50 ml of M10 (10% fetal calf serum from HyClone,
Dulbecco’s modified Eagle’s medium from Gibco, 2 mM L-glutamine, 49.5 U of
penicillin per ml, 38.8 mg of streptomycin per ml). The cells were plated onto
15-mm-diameter plates and grown in M10. The cell number was counted after 6
days in tissue culture. The control cells were counted with a hemacytometer, and
the double-mutant cells were counted directly under a light microscope because
there were too few cells to use a hemacytometer. The control and double-mutant
MEF were then passaged at low density. Control cells were plated at varying
concentrations (100, 500, 1,000, 2,000, and 4,000 cells on a 35-mm-diameter plate
or 3,000 cells on a 90-mm-diameter plate). Each isolate of double-mutant cells
was plated onto a single 35-mm-diameter plate. The control and double-mutant
cells were counted the next day under a light microscope to determine the cell
densities. After 14 days in tissue culture, the plates were stained with crystal
violet to identify colonies of 4 to 16, 17 to 50, and .50, cells. For controls,
colonies were counted on only those plates with cells at the same approximate
densities as those on plates with double-mutant cells.

RESULTS

Generation of a mutation in MmRAD51. An out-of-frame
deletion was introduced into MmRAD51 in ES cells by gene
targeting. A deletion vector, DVpuro, was used to delete nu-
cleotides 413 to 530, which code for amino acids 73 to 112 (74)
and frameshift the downstream sequences (Fig. 1A). DVpuro

7134 LIM AND HASTY MOL. CELL. BIOL.



was transfected into ES cells by electroporation, and clones
resistant to positive and negative selection media (50) were
screened by Southern analysis to identify targeted clones (Fig.
1B). Mice with this rad51 mutation (designated rad51M1) were
generated with two targeted clones. Both clones (129/SvEv
origin) were transmitted through the germ line after chimeras
were crossed with C57BL/6 females. Mice generated from ei-
ther clone displayed the same phenotype; therefore, these data
were combined. There were no obvious defects observed in
rad51M11/2 mice. However, rad51M12/2 mice were not pro-
duced out of 75 newborns generated from F1 heterozygous
crosses.
The consequences of the rad51M1 mutation on MmRAD51

transcript levels was determined by RT-PCR on mRNA iso-
lated from control and mutant E7.0 embryos (Fig. 1E).
GAPDH and XRCC5 transcript levels were measured to con-

trol for mRNA loading, and both transcripts were detected in
control and mutant embryos. MmRAD51 mRNA was detected
in control but not mutant embryos, even after hybridization
with an internal oligonucleotide probe. The out-of-frame de-
letion and the lack ofMmRAD51mRNAmake it likely that the
rad51M1 mutation was null and that this mutation was lethal in
the homozygous condition.
rad51M12/2 embryos arrest early in development. When do

mutant embryos die? Timed heterozygous matings were per-
formed, and females were sacrificed 3.5 to 8.5 days later. Con-
trol and rad51M12/2 embryos were the same gross size at E3.5
to E6.0. However, at E7.5, control embryos were much larger
than mutant embryos which appeared to arrest 24 to 36 h
earlier (Fig. 2A; Table 1). Some mutant embryos began to
resorb by E7.5. The genotypes of the embryos were determined
by PCR (Fig. 2B, C).
Histological analysis was performed on E5.5, E6.5, and E7.5

embryos (Fig. 3). After the histological analysis was complete,
the genotypes of the sections were determined by PCR.
rad51M12/2 embryos were hypocellular with abnormal cellular
morphology; the cells were cuboidal in shape on transverse
section. Mutant embryos arrested at the early egg cylinder
stage, typically observed by E5.5 in control embryos. The pro-
amniotic cavity was present in most control and mutant em-

FIG. 1. Genomic structure and targeting of MmRAD51. (A) Exons were
labeled a to e because the 59 mRNA sequences were not located in this genomic
fragment and the first exon was not known. A and B represent the Walker A- and
B-type nucleotide-binding domains. Positive-selection cassettes are indicated by
boxes labeled 1. Negative-selection cassettes, designated MCltk, are indicated
by boxes labeled tk. All vectors were linearized with KpnI (K) in the polylinker.
Exon a was the probe. EcoRI, RI; EcoRV, RV; SacI, S. Sense and antisense
primers for RT-PCR are indicated by arrows labeled S and AS, respectively. The
oligonucleotide probe for RT-PCR (P). (B) Targeting with DVpuro (p). Upper
panel, genomic DNA extracted from tails of mice. The wild-type (1/1) 15-kb
EcoRV fragment was reduced to 10 kb (1/p). Lower panel, genomic DNA
extracted from ES cells previously targeted with DVhygro (1/h). (C) Targeting
with DVhygro (h). A 12-kb EcoRV fragment was produced (1/h). (D) Targeting
with DVpuro2 into a cell line previously targeted with DVhygro. A 7-kb EcoRV
fragment was produced. (E) RT-PCR analysis of E7.0 embryos. Left panels,
ethidium bromide (EtBr)-stained agarose gels. Right panel, autoradiograph after
hybridization to oligonucleotide probe. Lanes 1 to 6 and 9, controls; lanes 7 and
8, mutants.

FIG. 2. E7.5 control and rad51M12/2 embryos. (A) Wild type, 1/1; mutant,
2/2. Magnification,316. (B) Genotype determination for embryos by PCR. The
sense primer for the wild-type and targeted copies is designated 1. The antisense
primer for the wild-type copy in exon d is designated 2. The antisense primer for
the targeted copy in the pgk-1 promoter is designated 3. Mutant band, 450 bp;
wild-type band, 270 bp. (C) Ethidium bromide-stained gel of the PCR mixture.
Wild-type, 1/1; mutant, 2/2; heterozygote, 1/2. DNA controls were extracted
from rad51M11/2 and wild-type ES cells. The fragments were hybridized to an
internal probe (not shown). A minor band was observed between the 450- and
270-bp bands; however, this band did not hybridize to the internal probe and
disappeared at a higher annealing temperature.
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bryos by E5.5; however, the amniotic cavity and mesoderm
failed to develop in mutant embryos. The hypocellular condi-
tion and arrested development indicated reduced cell prolifer-
ation.
To observe cell proliferation, E5.5, E6.5, and E7.5 embryos

were labeled with BrdU. A lower percentage of cells incorpo-
rated BrdU in rad51M12/2 embryos compared with control
embryos, indicating reduced proliferation or cell death (Fig.
3E, F). At E5.5, 85% of cells were labeled in control embryos
compared with 50% of cells in mutant embryos. At E6.5, 100%
of cells were labeled in control embryos compared with 85% in
mutant embryos. At E7.5 control embryos still showed 100% of
cells labeled, but only 30 to 50% of cells were labeled in mutant
embryos. A decrease in cell proliferation or induction of cell
death may explain low incorporation levels in mutant embryos.
The time and extent of cell death were determined in mutant

embryos. To observe nuclear fragmentation, one of the char-
acteristic features of programmed cell death, a TUNEL assay
was performed on histological sections from E6.5 and E7.5
embryos (Fig. 3G, H). Apoptotic cells were not frequently
observed in E6.5 mutant and control embryos and E7.5 control
embryos. However, they were easily observed in the epiblasts
of E7.5 mutant embryos. Therefore, reduced levels of BrdU
incorporation in E5.5 and E6.5 mutant embryos reflect de-
creased cell proliferation, while in E7.5 embryos they reflect
decreased cell proliferation and increased cell death.
rad51M1 mutant cells fail to proliferate. Is embryonic lethal-

ity due to a cellular defect? The effect of a homozygous
rad51M1 mutation on cell viability was tested. Two approaches
were used to generate rad51M12/2 cells. The first was to target
both copies of MmRAD51 in ES cells, and the second was to
derive mutant ES cells from cultured blastocysts.
We attempted to mutate both copies of MmRAD51 in ES

cells by sequential rounds of gene targeting. Three different
vectors were used: DVpuro, DVpuro2, and DVhygro (Fig.
1A). Two clones of ES cells, targeted first with DVhygro (se-
lected in hygromycin) (Fig. 1C), were transfected with DVpuro
(Fig. 1B) or DVpuro2 (Fig. 1D) to target the remaining wild-
type copy (selected in puromycin). However, all the clones
retargeted the previously mutated copy (63 clones for DVpuro;
8 clones for DVpuro2). This result suggests that homozygous
mutant cells failed to proliferate and/or were nonviable.
Cell proliferation and viability were tested with rad51M12/2

blastocysts grown in tissue culture. Blastocysts are composed of
two cell types, pluripotent cells in the inner cell mass and
trophectoderm cells (for reviews, see references 34 and 39).
When control blastocysts were grown in tissue culture, cells
derived from the inner cell mass became highly proliferative
and cells derived from the trophectoderm (trophoblast-like

cells) became relatively quiescent. rad51M11/2 mice were
crossed, and blastocysts were recovered 3.5 days later. Blasto-
cysts were grown in tissue culture to observe the outgrowth of
cells derived from the inner cell mass and trophectoderm with
a light microscope over 7 days (blastocysts were isolated on day
0). Mutant and control blastocysts attached to the plate at high
frequencies. Cells derived from the inner cell mass grew con-
tinuously for control but not mutant attached embryos (18
control and 6 mutant embryos observed) (Fig. 4A, B). The
number of trophoblast-like cells was the same for both mutant
and control attached embryos (30 to 45 cells). The trophoblast-
like cells could be maintained because of their relatively qui-
escent state and/or because of endoreduplication of DNA that
may act as a buffer against spontaneous DNA damage.
Analysis of rad51M12/2 embryos in utero and in tissue cul-

ture demonstrated reduced cell proliferation. Mutant cells
were abnormal in embryos at the first time point observed by
histology (E5.5), demonstrating that problems occurred ear-
lier. However, it is interesting that most mutant embryos de-
veloped to the early egg cylinder stage in spite of the severe
cellular phenotype. It is possible that a maternal component
briefly rescued mutant preimplantation embryos. MmRAD51
was shown to be expressed at high levels in the adult ovary
(53), and the protein was localized to oocytes during meiosis
(3) and to follicle cells in ovaries (88), suggesting the presence
of a maternal component.
rad51M1 mutant cells are hypersensitive to gamma radia-

tion. Since MmRad51 is homologous to the recombinational
repair proteins RecA and ScRad51, it is possible that de-
creased proliferation was due to a defect in DNA repair. The
role of MmRad51 in repairing DNA damage generated by
gamma radiation was investigated in trophoblast-like cells de-
rived from E3.5 embryos isolated after heterozygous matings.
The isolated blastocysts were exposed to 0, 200, and 400 rads
and then allowed to attach to tissue culture plates (day 0).
Seven days later the numbers of trophoblast-like cells were
counted. There were 30 to 45 trophoblast-like cells without
exposure to radiation for both control and mutant attached
embryos (nine control and five mutant embryos observed) (Fig.
4A, B). The control trophoblast-like cells were unaffected after
exposure to 200 rads (19 control embryos) (Fig. 4C). However,
the mutant trophoblast-like cells were reduced in number by
60 to 70% (the range was 10 to 17 cells for seven mutant
embryos) (Fig. 4D). There was a slight reduction in tropho-
blast-like cell number when the control blastocysts were ex-
posed to 400 rads (the range was 20 to 34 cells for 12 control
embryos) (Fig. 4E). However, the mutant embryos failed to
attach to the plate (three mutant embryos observed) (Fig. 4F).
These were the only floating embryos, and the failure to attach
was shown to correlate with a dose-dependent response to
radiation similar to that exhibited by the outgrowth of tropho-
blast-like cells (26).
rad51M11/2 trophoblast-like cells did not appear to be more

sensitive to gamma radiation than did wild-type cells. In addi-
tion, no difference was observed in the survival fractions of
rad51M11/2 and wild-type ES cells after exposure to gamma
radiation (data not shown). Therefore, it is unlikely that the
rad51M1 mutation is dominant or that the heterozygous condi-
tion resulted in a significant reduction in protein.
rad51M12/2 cells have reduced DNA content. It is possible

that reduced cell proliferation, increased programmed cell
death, and hypersensitivity to gamma radiation were due to
unrepaired genetic damage, possibly DSB. In yeast cells, un-
repaired DSB were shown to reduce DNA content by chromo-
somal deletion (50, 61). Therefore, metaphase spreads were
performed to count chromosomes. Cells were disaggregated

TABLE 1. Genotypesa and gross morphology for
E3.5 to E8.5 embryos

E

No. of embryos with indicated genotype
(gross morphologyb)

1/1 1/2 2/2

3.5 25 (N) 51 (N) 27 (N)
6.5 5 (N) 11 (N) 5 (N)
7.5 11 (N) 17 (N) 6 (S), 5 (R)
8.5 5 (N) 12 (N) 6 (R)

a The genotypes of all embryos were determined by PCR, except for four of
the six resorbed embryos at E8.5. There was not enough embryonic material for
determinations of the genotypes of these four embryos, and so they were pre-
sumed to be mutant.
b Gross morphology designations: N, normal; S, small; R, resorbed.
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from E7.5 embryos after 2 h of colcemid treatment in utero.
Three control embryos were observed individually and five
mutant embryos were combined. Mitotic spreads were seen for
about half the control cells, and the normal diploid number of
chromosomes (40) was observed for 60 out of 60 control cells
(Fig. 5A). Unlike control cells, the vast majority of mutant cells

were not in mitosis. There were only 10 metaphase spreads out
of more than 300 cells. One mutant cell had the normal chro-
mosome number and nine had a little more than half the
normal chromosome number (22 to 28) (Fig. 5B). Therefore,
most of the mitotically dividing mutant cells displayed multiple
chromosome loss.

FIG. 3. Histological analysis of control and rad51M12/2 embryos. (A, C, E, and G) Control embryos; (B, D, F, and H) mutant embryos. (A and B) Hematoxylin-
and eosin-stained E7.5 embryos. ac, amniotic cavity; pcv, proamniotic cavity; ec, ectoplacental cone. The arrow points to an epiblast. (C and D) Hematoxylin- and
eosin-stained E6.5 embryos. (E and F) BrdU labeling of E5.5 embryos. (G and H) TUNEL assay of E7.5 embryos displayed in panels A and B. The epiblast region
is shown (arrow in panels A and B). Scale bars: panels A and B, 120 mm; panels C and D, 60 mm; panels E and F, 30 mm; panels G and H, 24 mm.
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The genetic content was grossly measured in cells through-
out the cell cycle in order to observe a larger fraction of the
mutant cells. DNA was stained with a fluorescent dye, acridine
orange, and the cells were immediately viewed under a fluo-
rescence microscope at 503 magnification under oil immer-
sion. The film was at 400 ASA with the spot setting to focus on
a single cell. Genetic content was grossly estimated by fluores-
cence emission as determined by exposure time; a longer ex-
posure time correlates with less DNA. Cells derived from three
control E7.5 embryos were observed individually. Control cells
were shown to contain the correct chromosome number during
metaphase (as discussed above) and should accurately reflect
the normal genetic content found throughout the cell cycle.
The range of exposure time was 0.10 to 0.61 s for 48 control
cells. Within this range, the exposure times of 71% of the cells
were between 0.21 and 0.4 s and those of 46% of cells were
between 0.21 and 0.30 s. Cells derived from three mutant E7.5
embryos were observed. The range of exposure time was 0.15

to 2.82 s for 33 mutant cells. The exposure times for 67% of the
mutant cells were concentrated between 0.15 and 0.67 s and
those for 33% of the mutant cells were between 0.93 and 2.82 s
(far out of the range for controls). DNA content may be lost
during programmed cell death; however, only two mutant cells
appeared apoptotic (condensed chromatin) (28). Low levels of
fluorescence, measured by long exposure times, indicated de-
creased DNA content in a large number of mutant cells
throughout the cell cycle.
Decreased genetic content was clearly observed in a higher

percentage of mutant cells during metaphase (90%) than dur-
ing the complete cell cycle (33%). It is possible that the acri-
dine orange stain failed to detect reduced genetic content in
many cells that suffered chromosome loss due to repeated
rounds of synthesis without entry into mitosis. In support of
this argument, cells were frequently observed in S phase by
BrdU labeling but not in mitosis after colcemid treatment of
E7.5 mutant embryos.
rad51M12/2 embryos survive longer in a p53 mutant back-

ground. It is possible that a cell cycle response to unrepaired
DNA damage hindered cell proliferation, induced pro-
grammed cell death, and promoted multiple chromosome loss.
p53 is commonly believed to be central in delaying DNA rep-
lication and stimulating programmed cell death in response to
DNA damage, including damage induced by gamma radiation
(for a review, see reference 41). The rad51M1 mutation was
crossed into a p53 mutant background (19). There were no
rad51M12/2 mice produced out of 41 progeny from a double
heterozygote cross or out of 66 progeny from a p532/2

rad51M11/2 3 p531/2 rad51M11/2 cross. The expected number
of p532/2 rad51M12/2 mice was 11, demonstrating that the
rad51M1 lethal phenotype was not rescued in a p53 mutant
background.
rad51M1 mutant embryos were observed in a p53 mutant

background. Development of the rad51M1mutant embryos was
not observed to change in a p531/2 background (Table 2). In
a p532/2 background, however, rad51M1 mutant embryos ap-
peared grossly normal at E7.5 and were only slightly smaller
than controls at E8.5 (Fig. 6A to E). The head fold had clearly
formed in the double-mutant embryos, demonstrating a signif-
icant advance in proliferation and development compared with
the rad51M1 mutants in a p53 wild-type background (Fig. 6D).
At E9.5, a double-mutant embryo was not larger in size than at
E8.5 and was much smaller than controls.
MEF derived from 11 control and 3 double-mutant E8.5

embryos were observed for proliferation and morphology in
tissue culture (controls were rad51M11/1 or rad51M11/2 in a
p532/2 background). The MEF were initially plated onto a

FIG. 4. Exposure of E3.5 embryos to gamma radiation. (A, C, and E) Con-
trol embryos; (B, D, and F) mutant embryos. (A and B) No exposure; (C and D)
200-rads exposure; (E and F) 400-rads exposure. Scale bar, 120 mm.

FIG. 5. Metaphase spreads on cells derived from E7.5 embryos. (A) Control;
(B) mutant. Magnification, 3650.

TABLE 2. Genotypesa and gross morphology for the rad51m1 and
p53 mutations

E

No. of embryos with indicated MmRAD51 genotype
(gross morphologyb)

1/1 1/2 2/2

p531/2 p532/2 p531/2 p532/2 p531/2 p532/2

7.5 0 1 (N) 0 4 (N) 0 1 (N)
8.5 2 4 (N) 9 (N) 12 (N) 5 (R) 6 (S)
9.5 0 1 (N) 0 4 (N) 0 1 (S)

a MmRAD51 and p53 genotypes were determined by PCR and Southern anal-
ysis, respectively, on DNA extracted from the yolk sacs of all embryos except for
two of the five resorbed embryos. These two embryos were presumed to be
rad51M12/2 p531/2.
b Gross morphology designations: N, normal; S, small; R, resorbed.
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15-mm-diameter plate (passage zero). Control MEF formed
confluent monolayers after 2 to 6 days. The estimated number
of cells was about 53 105 to 13 106 for the control MEF after
counting with a hemacytometer. However, the double-mutant
MEF were not observed to proliferate and failed to form a
confluent monolayer after 6 days in tissue culture. There were
not enough cells to count double-mutant MEF with a hema-
cytometer, so they were counted directly under a light micro-
scope. After 6 days in tissue culture, there were 160, 330, and
1,120 cells for the three double-mutant MEF isolates.
These control and double-mutant MEF were passaged at

low density to observe colony formation (passage one). After
14 days in tissue culture the plates were stained with crystal violet
to identify colonies of 4 to 16, 17 to 50, and.50 cells. Colonies in
these size ranges were frequently observed for all control
MEF; however, not one colony was observed for any of the
double-mutant MEF, not even a four-cell colony (data not
shown).
MEF derived from five control E9.5 embryos and from one

double-mutant E9.5 embryo were also observed. All five con-
trol MEF formed a confluent monolayer (Fig. 6G). The dou-
ble-mutant MEF, however, failed to form a confluent mono-
layer even though they were plated at high density and there
was cell-to-cell contact (Fig. 6H). The morphology of control
MEF was characteristic of actively proliferating cells (Fig. 6G,
I). The morphology of double-mutant MEF (Fig. 6F, H, J),
however, was characteristic of differentiating and degenerating
cells, indicating premature senescence (7). Senescent cells do
not undergo programmed cell death; therefore, an acridine
orange stain was performed to observe chromatin condensa-
tion, a feature characteristic of apoptotic cells. Chromatin con-
densation was not observed, further suggesting premature se-
nescence in these double-mutant MEF (data not shown).

DISCUSSION

RecA and ScRad51 were shown to be essential for repair of
DSB in bacteria and yeast cells, respectively. Their mouse
homolog, MmRAD51, was disrupted and found to be impor-
tant for repair of gamma radiation-induced damage and em-
bryonic development. Mutant embryos arrested at the early
egg cylinder stage. There was decreased cellular proliferation
followed by programmed cell death, and chromosomes were
lost in most mitotically dividing cells by the end of the embryo’s
life. rad51M1 mutant embryos survived longer and developed
further in a p53 mutant background; however, fibroblasts de-
rived from double-mutant embryos were unable to proliferate.
Preimplantation lethality was reported for rad51mutant em-

bryos by Tsuzuki and colleagues (83). It is unlikely that differ-
ent genetic backgrounds caused the difference in severity be-
tween the phenotypes because both mutations were analyzed
in a similar background (albeit the strains may have been
slightly different from one colony to another). Different exper-
imental designs may explain the different time points for le-
thality. Tsuzuki and colleagues extensively analyzed in vitro
fertilized and cultured embryos. Possibly, the in vitro environ-
ment failed to recapitulate the in vivo environment; perhaps
development was slightly delayed, which exacerbated the phe-
notype. This view is supported by our observation that the
inner cellular mass seemed to proliferate less in tissue culture
than in utero.
Rad51 performs an essential function in mammalian but

not yeast cells. The lethal phenotype reported by both groups
was unexpected because mitotically dividing cells deficient for
ScRad51 and SpRad51 were viable (56, 75). There are two
possible explanations for this discrepancy, which are not mu-
tually exclusive. One is that mammalian Rad51 evolved to
perform an essential task. Another is that mammalian Rad51
maintained the same function as yeast Rad51 but that this
function is essential in mammalian cells but not in yeast cells.
There is evidence that the RecA homologs perform multiple

tasks, some of them not shared by the others. Two RecA
homologs were found in Myxococcus xanthus; only one was
essential, but both complemented UV sensitivity in an E. coli
recA strain (57). Two RecA homologs found in yeast cells,
ScRad51 and DMC1, are essential for meiotic recombination,
but only ScRad51 is essential for mitotic recombination (10,

FIG. 6. Morphology of rad51M12/2 embryo and MEF in p532/2 background.
(A) Control (rad51M11/2 p531/2) and (B) double-mutant E8.5 embryos in yolk
sacs. (C) Control and (D) double-mutant E8.5 embryos removed from yolk sacs.
(E) Control (rad51M11/2 p532/2) and double-mutant E7.5 embryos. The arrow
points to the double mutant. (F to J) MEF derived from E9.5 embryos. (F)
Degenerating double-mutant MEF, passage one; (G) control MEF (rad51M11/2

p532/2) at high density, passage zero; (H) double-mutant MEF at high density,
passage zero; (I) control MEF (rad51M11/2 p532/2) at low density, passage one;
(J) double-mutant MEF at low density, passage one. (A to E) Magnification,
39.0; (F to J) scale bar, 60 mm.
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68). In mammals, a DMC1 homolog was isolated, suggesting
that RecA homologs possess diverse and unique functions in
mammalian cells (30).
MmRad51 may perform a novel role in DNA replication,

repair, and/or chromosomal disjunction. MmRAD51 expres-
sion was restricted in the cell cycle to late G1, S, and G2, and
MmRAD51 expression was activated by mitogens that induced
T- and B-cell proliferation, suggesting a role in replication and
repair (88). MmRad51 may take part in disjunction because it
was localized to the kinetochores of diakinesis and metaphase
1 chromosomes (3).
Even though it is possible that ablating a unique Rad51

function was responsible for the severe mammalian phenotype,
we favor the hypothesis that both mammalian and yeast Rad51
proteins perform a similar function, which is essential for only
mammalian cells. rad51-mutant mammalian and yeast cells
exhibited similar phenotypes. Both cell types were impaired for
cell proliferation, were defective in repair of radiation-induced
damage, and displayed chromosome loss (49, 56). Each of
these aspects of the phenotype can be explained by a defect in
DNA repair, specifically recombinational repair. DNA damage
was shown to reduce proliferation in both mammalian and
yeast cells (for a review, see reference 15), and gamma radia-
tion hypersensitivity suggested that this damage was DSB since
DSB are probably the most damaging lesions caused by ioniz-
ing radiation (67). Perhaps the most compelling evidence to
suggest a failure in the repair of DSB is chromosome deletion.
In S. cerevisiae, a mutation in either rad51 or rad52 stimulated
chromosome loss in mitotically dividing diploid cells (49) and
exposure to X rays greatly exacerbated this loss to near haploid
numbers in rad52 cells (55). In addition, chromosome loss was
observed in diploid yeast cells with a functional recombina-
tional repair pathway; however, these cells were deficient in
recombination in one chromosome pair because of divergent
homologies over a segment of this chromosome. One of the
divergent chromosomes was frequently lost when cells were in
G1 and after exposure to gamma radiation. Thus, homologous
recombination and not just ScRad51 function was necessary
for chromosomal maintenance (66).
Defective recombinational repair could explain these com-

mon pathologies, assuming this function has greater impor-
tance in mammalian cells than in yeast cells. The fact that
mammalian cells have a much larger genome than yeast cells
indicates a more frequent incidence of DSB in mammalian
cells and, therefore, a greater need for recombinational repair.
If this was the case, then proliferation would be more severely
hindered in rad51-mutant mammalian cells than in yeast cells
because of a greater burden of unrepaired breaks. In support
of this argument, mammalian cells were found to be more
sensitive to radiation than yeast cells but to display the same
sensitivity when their greater genome size was taken into ac-
count (22). It is possible that oxidation products spontaneously
generate more genetic damage in mammalian cells than in
yeast cells, simply because of the larger genome size (for a
review, see reference 23).
Therefore, yeast and mammalian cells with a mutation in

rad51 displayed a very similar phenotype, which was charac-
terized by chromosome loss, radiation hypersensitivity, and
reduced proliferation. All these aspects to the phenotype could
be explained by defective recombinational repair, and the in-
creased severity in mammalian cells could be explained by the
greater number of DSB because of the larger genome size.
p53 and a cell cycle response. The early lethal phenotype in

rad51M1-mutant embryos and cells may be stimulated by a cell
cycle response to unrepaired DNA damage. DNA damage was
shown to inhibit progression through the cell cycle, thereby

demonstrating a relationship between DNA lesions and cell
cycle proteins (15). In mitotically dividing budding yeast cells,
a single DSB in a dispensable plasmid was sufficient to induce
cell death, partly under the control of Rad9 (7, 72, 85). In
mammalian cells, the tumor suppressor gene, p53, responded
to DNA damage induced by gamma radiation by delaying the
cell cycle or inducing programmed cell death (38, 43). These
responses may be critical in its tumor suppressor function (5,
46, 80). Induction of p53 after exposure to ionizing radiation
and to restriction endonucleases suggests that DSB initiated a
p53 response (48).
p53 was at least partly responsible for regulating the rad51M1

phenotype because development was extended from the early
egg cylinder stage to the head fold stage in a p53 mutant
background. A multitude of intricate genetic pathways are
required at this time in development, and cell proliferation is
extremely rapid, demonstrating the need for reasonable ge-
netic integrity. Thus, the damage caused by the rad51M1 mu-
tation alone must be at levels low enough to permit DNA
replication, transcription, and cell division in most cells up to
E8.5. The double-mutant embryos died from either an accu-
mulation of DNA damage resulting in metabolic incompetence
and mitotic failure or p53-independent regulation.
It is probable that p53 regulates genome surveillance and

DNA repair through a myriad of mechanisms, including regu-
lation of transcription and direct interaction with damaged
DNA. p53 initiates the transcription of genes that regulate the
cell cycle or stimulate programmed cell death, including
p21WAF-1/CIP-1/SDI-1 (13, 18, 21, 31, 87) and BAX (52), and is
critical for the response to gamma radiation-induced DNA
damage (20, 47, 48). p53, bound to damaged DNA, may act
directly as an early response sensor to arrest the cell cycle or
stimulate apoptosis (4, 59).
The C-terminal domain of p53 binds directly to DNA dam-

aged by DNase I, ionizing radiation, and restriction endonucle-
ases (4, 65) and has properties in common with RecA and
ScRad51 in vitro. All three recognize and bind to insertion and
deletion mismatches (44, 84), catalyze the annealing of com-
plementary single-stranded DNA (17, 59, 86), and catalyze
strand transfer (4, 79). Because of these similarities, a syner-
gistic phenotype might be expected in the double-mutant em-
bryos. Since the rad51M1 phenotype was suppressed by a p53
mutation, it is doubtful that an intersection of redundant func-
tion exists in vivo. However, a loosening of cell cycle control or
a delay in programmed cell death brought on by a p53 muta-
tion may cover up any synergism.
Cellular senescence in double-mutant MEF. The rad51M1

mutant MEF prematurely became senescent in tissue culture
in spite of the p53 mutation, which in a wild-type background
enhanced immortality because of chromosomal instability (32).
Cells undergo a limited number of population doublings and
arrest at the end of their life spans, termed replicative senes-
cence (14). Since there was a direct correlation between colony
forming potential, the age of the cells, and the organism from
which they were derived (76, 77), it was not surprising that
double-mutant MEF derived from embryos at the end of their
life spans failed to proliferate and form colonies. Some theo-
rize that an accumulation of DNA damage is a critical feature
of the aging process (71). It is interesting to note that the
mutated gene cloned from patients with Werner’s syndrome,
WTN, resembles a DNA helicase, which suggests a defect in
DNA metabolism (90). It is possible that a failure in DNA
repair accelerated replicative senescence in the highly prolif-
erative cells of rad51M1 embryos and contributed to embryonic
mortality.
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Comparison of MmRad51 and DNA-dependent protein ki-
nase-deficient mice. It has been proposed that two recombina-
tion pathways are present in mammalian cells, a homologous
pathway between sister chromatids that predominantly occurs
during S and G2 and a nonhomologous pathway that predom-
inantly occurs during G1. The nonhomologous recombination
pathway was thought to be the major pathway. Much of this
belief stems from gene targeting data that demonstrated ho-
mologous recombination to be less frequent than random or
illegitimate recombination (12). Other data demonstrated that
chromosomal DSB frequently were joined without homology
or with only very short stretches of homology (70). DNA-
dependent protein kinase (DNA-PK) is critical for nonho-
mologous but not homologous repair of DSB (45). A biphasic
response to ionizing radiation was observed in DNA-PK-defi-
cient cell lines with resistance in late S phase, suggesting that
DNA-PK functions in G1 and that another repair pathway
functions in S phase (37). DNA-PK is composed of a catalytic
subunit called DNA-PKCS and a DNA end-binding subunit
called Ku which is a heterodimer of Ku70 and Ku86 (for a
review, see reference 69). Analysis of DNA-PK activity has
come from scid (severe combined immunodeficient) mice
which are deficient in DNA-PKCS (40) and Ku86-deficient
mice (58, 91). Both scid and Ku86-deficient mice are immune
deficient because of a defect in the repair of DSB generated
during V(D)J recombination. Unfortunately, it is impossible to
analyze V(D)J recombination in rad51-mutant mice or cells;
however, it is unlikely that MmRad51 plays a role in this
process since it is localized to the nucleus in late G1 through G2
(88) and V(D)J recombination occurs in G0 or G1 (73). scid
and Ku86-deficient cells do have similarities to MmRad51-
deficient cells. All are hypersensitive to ionizing radiation, and
Ku86-deficient cells were prematurely senescent in tissue cul-
ture, indicating a similar function. However, since scid and
Ku86-deficient mice and cells were viable and MmRad51-de-
ficient cells were not, the consequences of removing the puta-
tive homologous recombination pathway to repair DSB appear
to be much greater than those of removing the nonhomologous
pathway.
Future studies. The rad51M1 mutation proved to be difficult

to study because of the severe phenotype. A greater under-
standing of MmRad51 function may be obtained by selective
tissue-specific knockouts or by varying expression levels with
an inducible promoter. In addition, crossing the rad51M1 mu-
tation to alternative genetic backgrounds may prolong life
span, as did the p532/2 background. Such studies will reveal
the molecules that stimulate lethality and delineate the mole-
cules responsible for the different phenotypic features of re-
duced cell proliferation, programmed cell death, and chromo-
some deletion.
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