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Fanconi anemia (FA) is a genetic disorder characterized by hypersensitivity to DNA damage, bone marrow
failure, congenital defects, and cancer. To further investigate the in vivo function of the FA pathway, mice
with a targeted deletion in the distally acting FA gene Fancd2 were created. Similar to human FA patients and
other FA mouse models, Fancd2 mutant mice exhibited cellular sensitivity to DNA interstrand cross-links
and germ cell loss. In addition, chromosome mispairing was seen in male meiosis. However, Fancd2 mutant
mice also displayed phenotypes not observed in other mice with disruptions of proximal FA genes. These
include microphthalmia, perinatal lethality, and epithelial cancers, similar to mice with Brca2/Fancd1
hypomorphic mutations. These additional phenotypes were not caused by defects in the ATM-mediated
S-phase checkpoint, which was intact in primary Fancd2 mutant fibroblasts. The phenotypic overlap between
Fancd2-null and Brca2/Fancd1 hypomorphic mice is consistent with a common function for both proteins in
the same pathway, regulating genomic stability.
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Fanconi anemia (FA) is an autosomal recessive disorder
characterized by cellular sensitivity to DNA damage,
bone marrow failure, and predisposition to cancer (Fan-
coni 1967; D’Andrea and Grompe 2003). Patients may
also have congenital malformations including short stat-
ure, small gonads, microphthalmia, and skeletal defects
(Alter 1993). At least eight complementation groups ex-
ist (FA-A through FA-G, including D1 and D2; Joenje et
al. 1997; Timmers et al. 2001), and the genes for seven of
these have been identified (FANCA, FANCC, FANCD2,
FANCE, FANCF, FANCG, and BRCA2; Strathdee et al.
1992; Lo Ten Foe et al. 1996; de Winter et al. 1998,
2000a,b; Timmers et al. 2001; Howlett et al. 2002).
The precise functions of the FA, BRCA1, and BRCA2

proteins remain unclear, but there is evidence for over-
lapping roles. FANCA, FANCC, FANCE, FANCF, and
FANCG interact in a multisubunit nuclear complex
(Kupfer et al. 1997; Garcia-Higuera et al. 1999; de Winter

et al. 2000c; Medhurst et al. 2001). Genes constituting
this complex act epistatically as shown by the redundant
phenotypes of Fanca, Fancc, Fancg, and Fanca/Fancc
double knockout mice (Noll et al. 2002). FANCD2 acts
downstream of the nuclear complex. After DNA damage
(Garcia-Higuera et al. 2001) and during the S phase of the
cell cycle (Taniguchi et al. 2002a), FANCD2 is mono-
ubiquitinated at Lys 561 but not in cells lacking any
member of the upstream FA complex (Garcia-Higuera et
al. 2001). Monoubiquitination of FANCD2 is required
for its colocalization with RAD51 and BRCA1 in nuclear
foci. FANCD2 can also be phosphorylated at Ser 222 by
ATM (ataxia telengiectasia mutated). This modification
requires wild-type nibrin (Nakanishi et al. 2002) and has
been reported to mediate the damage-induced arrest of
DNA synthesis in SV40-transformed fibroblasts (Tanigu-
chi et al. 2002b).
The identification of BRCA2 as an FA protein has sug-

gested a potential function for the pathway. BRCA2
binds single-stranded DNA (Yang et al. 2002), interacts
directly with RAD51 (Marmorstein et al. 1998), and
modulates its activity (Davies et al. 2001). Cells lacking
functional BRCA2 are deficient in homology-directed re-
pair of DNA double-strand breaks (Moynahan et al.
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2001b; Tutt et al. 2001), and therefore the FA/BRCA
pathway may function to modulate DNA repair by ho-
mologous recombination.
Mouse genetics has been useful for investigating the

function of the FA/BRCA pathway. Knockouts of Fancc
(Chen et al. 1996; Whitney et al. 1996), Fanca (Cheng et
al. 2000; Noll et al. 2002), and Fancg (Yang et al. 2001;
Koomen et al. 2002) all share a defect in germ-cell devel-
opment and demonstrate cellular sensitivity to agents
that produce DNA interstrand cross-links (ICLs). In con-
trast to human FA patients, however, FA mice do not
develop anemia and do not have skeletal defects; nor are
they at an increased risk for developing cancer. Targeted
deletions have also been generated for the murine homo-
log of BRCA2. Whereas homozygous null mutants lack-
ing Brca2 (Sharan et al. 1997) die at midgestation, mice
homozygous for a truncating mutation at the C terminus
of Brca2 are viable and show some phenotypic overlap
with Fanca, Fancc, and Fancg knockout mice (Connor et
al. 1997; McAllister et al. 2002). Here, we report the phe-
notype of mice homozygous for a null allele of the
Fancd2 locus.

Results

Generation of Fancd2 knockout mice

Murine Fancd2 is highly homologous to human
FANCD2 and consists of 44 exons (GenBank accession
no. BC042619). The targeting construct (Fig. 1A) was de-
signed to delete exons 26 and 27 (220 bp) of the 44-exon
gene and is predicted to disrupt the reading frame of
the mRNA, resulting in a premature nonsense codon
at 54 bp downstream of the exon 25 and exon 28 junc-
tion. Chimeric males were bred to generate Fancd2 het-
erozygotes and crossed to produce Fancd2 mutants and
controls in the syngeneic 129S4, the congenic C57BL/6J,
and a mixed 129S4, C57BL/6J strain background (Fig.
1C).
To confirm that the targeted allele of Fancd2 was a

null mutation, reverse transcriptase PCR (RT–PCR) was
performed using mRNA generated from Fancd2 mutant
and wild-type testes. A product of the predicted size
was amplified from wild-type testes, and a product lack-
ing exons 26 and 27 of Fancd2 was amplified from
Fancd2 mutant testes, indicating that some mRNA is

transcribed from the mutant allele (data not shown). We
next performed Western blots on protein extract pre-
pared from mouse bone marrow and testes and mouse
embryonic fibroblasts (MEFs) using an N terminus-spe-
cific antibody [kindly provided by Alan D’Andrea (Dana-
Farber Cancer Institute, Harvard Medical School, Bos-
ton, MA); Fig. 1D,E; data not shown]. Both isoforms of
Fancd2 (Fancd2-S, 156 kD and Fancd2-L, 162 kD) were
detectable in wild-type testes extract. Only Fancd2-S
was observed in extract from Fancamutant and Fanca/c
double mutant testes. Full-length Fancd2 was also ob-
served in Western blots using protein extract from wild-
type MEFs and wild-type bone marrow (Fig. 1E; data not
shown). Importantly, no full-length Fancd2 or any bands
of the predicted truncated protein’s molecular weight
(∼88 kD) were observed in protein extract from testes,
bone marrow, or MEFs. Thus, we conclude that the tar-
geted allele of Fancd2 is a null mutation at the protein
level.

Fancd2 knockouts display phenotypes similar
to Fanca, Fancc, and Fancg knockouts

Upon gross examination, Fancd2 mutants on the 129S4
background were indistinguishable from their litter-
mates. However, Fancd2−/− mice on the C57BL/6J back-
ground were smaller than controls, similar to Fancc
mice (M. Buchwald, pers. comm.). Mutants were consis-
tently smaller than controls at each data point analyzed
(see Supplementary Fig. 1). At day 5, mutant males
weighed 2.5 ± 0.7 g (n = 9), and nonmutant control males
weighed 3.1 ± 0.4 g (n = 23; p < 0.05, t-test), indicating
delayed development in utero. At day 40 (adulthood),
mutant males weighed 18.3 ± 1.2 g (n = 3), and nonmu-
tant control males weighed 21.2 ± 1.0 g (n = 19; p < 0.01,
t-test). A similar result was found for female mutants
and controls. We conclude that Fancd2 mutant mice dis
play a developmental delay in utero as well as postna-
tally.
Individual testes from adult (age 2–6 mo) Fancd2 mu-

tant and control animals on the 129S4 background were
also examined. The average weight per testis from
Fancd2 mutants (23 ± 4 mg; n = 20) was smaller than
that of controls (90 ± 19 mg; n = 13; p < 0.001, one-way
ANOVA). Interestingly, the testicular weight of Fancd2
mutants was also significantly reduced compared with

Figure 1. Targeted disruption of murine Fancd2−/− gene. (A) Schematic of targeting vector, wild-type Fancd2 locus, targeted allele
with neo–ura cassette, and targeted allele without neo–ura cassette. Homologous integration of the targeting plasmid replaces Fancd2
exons 26 and 27 with a neo–ura cassette flanked by lox sites. The binding site for the probe is indicated by a black bar. (B) Southern
blot analysis using genomic DNA from targeted ES cell clones digested with XbaI. Homologous integration of the targeting plasmid
eliminates an XbaI site in intron 26, resulting in a nontargeted band at 3.6 kb and a wild-type band at 8.3 kb. (C) PCR genotyping using
genomic DNA from wild-type, heterozygous, and mutant tail as templates. Mutant Fancd2 alleles with and without the neo–ura
cassette are shown. The mutant band is 556 bp (with neo–ura) or 459 bp (without neo–ura). The wild-type band is 303 bp. (D) Western
blot with anti-Fancd2 antibody on protein lysate from Fancd2 mutant, Fanca/c double mutant, wild-type, and Fanca mutant testes.
Fancd2-S (155 kD) and Fancd2-L (162 kD) are visible in wild-type extracts. Only Fancd2-S is detectable in Fanca/c mutant and Fanca
mutant extracts. No signal is detectable in Fand2 mutant extract. (E) Western blot with anti-Fancd2 antibody on protein lysate from
wild-type and Fancd2 mutant MEFs either untreated or irradiated with 10 Gy. Fancd2 (155/162 kD) is detected in wild-type extracts
but absent from Fancd2 mutant extracts. The absence of a band at 88 kD, corresponding to the predicted size of truncated Fancd2, is
indicated.
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Fanca (78 ± 13 mg; n = 14; p < 0.001, one-way ANOVA)
and Fancc mutants (56 ± 15 mg; n = 14; p < 0.001, one-
way ANOVA) on the same strain background (Noll et al.
2002). Despite the weight difference, histological exami-

nation of adult Fancd2 mutant testes showed a similar
mosaic pattern of normal and abnormal tubules. This
characteristic pattern consists of apparently normal tu-
bules, abnormal tubules that lack all germ cells, and ab-
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normal tubules that contain germ cells but have in-
creased numbers of apoptotic pachytene spermatocytes
along with a relative paucity of diplotene spermatocytes
and spermatids (Fig. 2A–D).

Ovaries from adult females were also abnormal and
contained a markedly reduced number of developing fol-
licles (data not shown.) Importantly, there was a lack of
germ cells in testes of newborn Fancd2 mutants (data

Figure 2. Germ-cell and meiotic pairing ab-
normalities in Fancd2−/− mice. (A,B) H&E
staining of testis sections from 7-week-old
wild-type (A) or Fancd2−/− (B) littermates. All
stages of spermatogenesis are seen in the
wild-type adult testes. Fancd2−/− testes show
a mosaic pattern of normal-appearing tubules
(tubule 1), tubules with vacuolated Sertoli
cell cytoplasm and no germ cells (tubule 2)
and tubules with vacuolated Sertoli cell cyto-
plasm and decreased numbers of spermato-
cytes and spermatids (tubule 3). Magnifica-
tion, 20×. (C,D) TUNEL staining of testes sec-
tions from 7-week-old wild-type (C) and
Fancd2−/− (D) littermates. Occasional cells
were labeled in wild-type tubules near the
basement membrane, whereas Fancd2−/− tes-
tes contain tubules with multiple numbers of
apoptotic spermatocytes. The nuclei of apo-
ptotic cells are TUNEL-labeled with Cy3-
dCTP and fluoresce red. Magnification, 20×.
(E–H) Meiotic pairing abnormalities in
Fancd2−/− spermatocytes detected by indirect
immunofluorescence staining for Scp3 (green)
and Rad51 (red). (E) Zygotene wild-type
nucleus. (F) Zygotene Fancd2−/− nucleus with
unusually long unpaired axial elements. (G)
Late zygotene Fancd2−/− nucleus with mul-
tiple synaptic abnormalities. (H) Pachytene
Fancd2−/− nucleus with unpaired (open ar-
rowheads) andmispaired homologs (closed ar-
rowheads). Magnification, 100×.

Houghtaling et al.

2024 GENES & DEVELOPMENT



not shown), as previously also reported for Fancc mice
(Whitney et al. 1996). This finding, together with the
observed deficiency of spermatogonia in adult males (Fig.
2B), provides evidence that the FA pathway may be im-
portant for the survival of early germ cells. Alternatively,
the phenotype might also be caused indirectly as a result
of an inability to repair DNA damage that occurs con-
stitutively.
The excess of apoptotic spermatocytes seen in some

Fancd2 tubules suggested that loss of Fancd2 function
may lead to aberrant germ-cell development during
meiosis I. To follow meiotic events, we examined sur-
face spreads of mouse spermatocytes using polyclonal
antibodies against Rad51 and against Scp3, a component
of the axial elements of unsynapsed chromosomes and of
synaptonemal complexes that form between homolo-
gous chromosomes (Dobson et al. 1994). Fancd2−/− mice
display the same meiotic pairing abnormalities as those
seen in other FA mice (S. Meyn, unpubl.). The earliest
substages of meiotic prophase (leptonema and early zy-
gonema) appear normal in Fancd2−/− spermatocytes, as
monitored by Scp3 and Rad51 staining. However, there
was an increased frequency of synaptic abnormalities be-
ginning in mid-zygonema. Synapsis between homologs
is normally initiated while axial elements are still form-
ing. As a result, unpaired axial elements in wild-type
zyogtene spermatocytes are typically short, with nearly
full-length but unpaired axial elements uncommon (Fig.
2E). Unpaired axial elements in most zygotene Fancd2−/−

nuclei tended to be longer than normal (Fig. 2F), and
some zygotene Fancd2−/− nuclei contained multiple full-
length axial elements that had aligned with their ho-
mologs but failed to synapse properly (Fig. 2G). The ma-
jority of Fancd2−/− pachytene nuclei appeared to be nor-
mal. However, there was an excess of Fancd2−/−

pachytene nuclei with autosomal axial elements that
had failed to synapse and/or with nonhomologs that had
attempted to pair (Fig. 2H). These observations suggest
that, although the FA pathway is not absolutely required
for meiosis I, it acts to promote efficient and accurate
pairing of homologs.

Fancd2 knockouts display phenotypes not observed
in previous mouse models of FA

Fancd2 mutants also had phenotypes not previously ob-
served in Fanca, Fancc, or Fancg knockout mice. Pups
were born in near-expected Mendelian ratios from
crosses of heterozygous 129S4 breeders; however, a sig-
nificant deviation from the expected ratios was observed
on the C57BL/6J background strain (data not shown).
Only 16.5% (50/303), versus the expected 25%, of the
pups present at the time of genotyping (postnatal day 5)
were mutant (p < 0.005, �2 test). Although perinatal le-
thality has not been previously reported for FA knockout
mice, it has been described in mice homozygous for a C
terminus truncating mutation in Brca2 in which an
∼33% reduction of mutant animals was noted (McAllis-
ter et al. 2002). The lack of this phenotype in the 129S4
strain suggests the presence of a modifier locus in either

the 129S4 or C57BL/6J strain, which affects the pen-
etrance of the perinatal lethality phenotype.
An increased incidence of eye abnormalities was ob-

served for Fancd2 mutants in the C57BL/6J background
(Fig. 3), with 32 of 41 (78%) Fancd2 mutants examined
having microphthalmia. Consistent with previous re-
ports, nonmutants in the C57BL/6J population also
showed a low incidence (3.2%) of microphthalmia (Kal-

Figure 3. Fancd2 mutants are predisposed to microphthalmia.
(A) Fancd2mutants are smaller than wild-type controls at post-
natal day 1. Microphthalmia is visible in Fancd2 mutants. (B)
Histology of eye from a wild-type control pup (postnatal day 1).
Magnification, 50×. (C) Representative histology of eye from a
Fancd2−/− pup (postnatal day 1) shows a disorganized retina
with lack of a distinct chamber or lens development. Magnifi-
cation, 100×.
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ter 1968). To determine if the phenotype was caused by
altered expression of nearby genes, also referred to as
position effects (Olson et al. 1996), and not the Fancd2
mutation itself, the neo–ura cassette was removed by
breeding to transgenic mice expressing Cre recombinase
(see Materials and Methods). Consistent with our previ-
ous finding, 9 of 19 (47%) Fancd2−/− pups with the allele
lacking the neo–ura cassette but none of the controls had
microphthalmia. This confirmed that Fancd2 is capable
of modifying the microphthalmia predisposition of
C57BL/6J mice.
To determine whether Fancd2 mutants are tumor-

prone, a cohort of animals in the mixed and 129S4 back-
grounds were monitored long-term. Animals were killed
if abnormal growths were obvious or if they appeared
otherwise unhealthy. A final sacrifice of all animals oc-
curred at 18–24 mo for those in the mixed background
and 7–17 mo for those in the 129S4 background. To date,
10 of 54 Fancd2 mutants, 3 of 28 Fancd2 heterozygote
controls (p > 0.05), and 1 of 14 wild-type controls
(p > 0.05) have developed adenomas (p = 0.0385 for
Fancd2 mutant vs. controls) or carcinomas (p = 0.0328
for Fancd2 mutant vs. controls) at between 3 and 23 mo
of age (Fig. 4A,B). Tumors occurred in multiple different
epithelial cell types (summarized in Table 1). Paraffin-
embedded sections of these tumors were stained with
H&E (Fig. 4C–F) and classified by histological examina-
tion. Abnormal cell proliferation was confirmed by im-
munohistochemistry with an antibody to phosphory-
lated histone H3, a marker of mitosis (data not shown).
The increased incidence of tumors in Fancd2 mutants
but not other FA mice demonstrates that complete loss
of Fancd2 function is necessary for the presentation of a
cancer phenotype. The occurrence of hepatic adenomas
in three of the heterozygous controls suggests that
Fancd2 heterozygotes may also be at an increased risk
for carcinogenesis. However, these data are not statisti-
cally significant, and a larger study will be necessary to
demonstrate this definitively. Importantly, although
some controls developed hepatic adenomas, no carcino-
mas were observed in these mice.

Fancd2 and Fancc knockouts share a similar DNA
damage response profile

FANCD2 acts downstream of the FA nuclear complex,
and thus it may act as a convergence point between mul-
tiple upstream DNA damage response pathways (Garcia-
Higuera et al. 2001). Furthermore, FANCD2 is phos-
phorylated by ATM following IR (Taniguchi et al.
2002b). These observations suggested that cells lacking
FANCD2 might be more sensitive to DNA damage, par-
ticularly IR, than cells lacking FANCA, FANCC, or
FANCG. To test this hypothesis, primary MEFs were
prepared, and their sensitivity to various DNA-damaging
agents was measured in cell growth assays. Cells were
treated with increasing doses of mitomycin C (MMC),
IR, or the photoactivated DNA cross-linking agent, 4�-
hydroxymethyl-4,5�, 8-trimethylpsoralen (HMT; Sigma)
plus ultraviolet light (PUVA). As expected, Fancd2 mu-

tant cells displayed a heightened sensitivity to MMC-
induced DNA damage as compared with wild-type con-
trols (Fig. 5A). Fancd2 and Fancc mutant cells were
equally sensitive to PUVA-induced ICLs (Fig. 5B). How-
ever, neither Fancc nor Fancd2 mutant fibroblasts
showed a differential sensitivity to IR when compared
with wild-type controls (Fig. 5C).
To further investigate the role of Fancd2 in the re-

sponse to IR, we also exposed Fancd2 mutants and con-
trols to whole-body irradiation at doses of 9, 10, and 11
Gy (Fig. 5D; data not shown). We hypothesized that
although neither Fancd2 nor Fancc seems to function
in response to IR in fibroblasts, a role for Fancd2 may
be revealed in whole animals. At a dose of 10 Gy, 11 of
14 controls survived, whereas only 3 of 14 Fancd2 mu-
tants survived (p < 0.005, Logrank test). No Fancd2 mu-
tants survived following a dose of 11 Gy, whereas 4 of
6 control animals survived. Thus, the LD50 for Fancd2
mutants was estimated to be 9.5 Gy compared with 11
Gy for nonmutant littermate controls (proportional dif-
ference ∼1.15), which is identical to that previously re-
ported for Fancc mutants (proportional difference of
∼1.2; Noll et al. 2001). Although the Fancd2 mutants
had a moderate in vivo IR sensitivity similar to that of
Fancc mutants, the lack of a differential sensitivity of
Fancd2 mutant MEFs or a major in vivo sensitivity of
whole animals to irradiation supports the argument
against a significant role for Fancd2 in cellular responses
to IR.

Primary Fancd2 mutant fibroblasts have an intact
ATM-dependent S-phase checkpoint

Recent experiments have demonstrated that FANCD2 is
phosphorylated at Ser 222 by the DNA damage signaling
kinase, ATM. Using mutant cDNA constructs of human
FANCD2, it was shown that this modification was nec-
essary for the arrest of DNA synthesis after DNA dam-
age, an ATM-dependent function (Taniguchi et al.
2002b). In addition, others have reported a defect in S-
phase arrest in response to PUVA in multiple FA cell
lines (Centurion et al. 2000; Sala-Trepat et al. 2000).
These findings prompted the investigation of the status
of the checkpoint in primary Fancd2 mutant MEFs.
Primary (passage 2) Fancd2 mutant and wild-type

MEFs, and primary (passage 3) Atm mutant ear fibro-
blasts were treated with 10 Gy of IR, and their ability to
inhibit DNA synthesis was measured. Whereas Fancd2
mutant and wild-type cells inhibited DNA synthesis
equally, Atmmutant cells did not (Fig. 5E). As a control,
both Fancd2 mutant and wild-type cells were then pre-
incubated in 10 mM caffeine, an inhibitor of ATM
(Sarkaria et al. 1999). Inhibition of ATM in these cells
was capable of inducing a radioresistant DNA synthesis
phenotype similar to that of Atm mutant cells (Fig. 5E).
Furthermore, both Fancd2 mutant and wild-type cells

were equally capable of inhibiting DNA synthesis fol-
lowing treatment with 0.5 ng/mL of PUVA, whereas
Atmmutant cells were not and continued to incorporate
DNA following damage (Fig. 5F). Together, these experi-
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ments demonstrate that primary Fancd2 mutant MEFs
have an intact ATM-dependant S-phase checkpoint.

Expression and interaction of Rad51 and Brca2 is
normal in Fancd2mutants

Cells harboring mutations in genes implicated in control
of homologous recombination repair of DNA damage,

including BRCA1, BRCA2, and RAD51, are sensitive to
DNA interstrand cross-linking agents (Yu et al. 2000;
Moynahan et al. 2001a). After treatment with ICLs,
these cells show gross rearrangements involving nonho-
mologous chromosomes, a phenotype identical to cells
from all FA complementation groups. RAD51 functions
in the process of homologous recombination (Baumann
et al. 1996). BRCA2 interacts directly with RAD51

Figure 4. Histology of carcinomas and survival curves for Fancd2mutants and controls. Tumor-free (A; both adenoma and carcinoma)
and carcinoma-free (B; only carcinoma) survival curves are shown for the combination of mixed and 129S4 populations. P values were
determined by Logrank test. (C–F) H&E-stained paraffin-embedded sections of tumors from Fancd2−/− animals. Arrows indicate
mitotic cells with condensed chromatin. Magnification, 200×. (C) Ovarian adenocarcinoma with large acini lined by tall columnar cells
having abundant eosinophilic cytoplasm and highly pleomorphic hyperchromatic nuclei (129S4, 3 mo). (D) Mammary adenocarcinoma
in which large clusters of mitotically active and pleomorphic cells were found, ranging from columnar cells to nests of small,
undifferentiated cells in clusters (mixed, 13 mo). (E) Lung adenocarcinoma of broncho-alveolar origin, with rows of columnar epithelial
cells having a high nucleus-to-cytoplasm ratio lining septa, sometimes forming papillae or filling air spaces (129S4, 13 mo). (F)
Hepatocellular carcinoma is multinodular and well differentiated. The neoplastic cells vary from being smaller than normal hepato-
cytes to 2×–3× larger (mixed background, 18 mo).

Epithelial cancer in Fancd2 mice

GENES & DEVELOPMENT 2027



(Moynahan et al. 2001b), and cells lacking wild-type
BRCA2 have increased levels of error-prone homology-
directed repair of DNA double-strand breaks, suggesting
that BRCA2 may function in error-free repair (Tutt et al.
2001). As Fancd2 acts downstream of the FA complex, it
was hypothesized that it may function to modulate the
stability of Rad51 and Brca2 or their interaction.
To investigate this hypothesis, immunoblots with tes-

ticular lysates from Fancd2 mutant, Fancc mutant, and
control mice were prepared. Immunoblotting revealed
no significant differences in the steady-state level of
Rad51 (Fig. 6A). Immunoprecipitation of Brca2 from
these lysates probed with the same Brca2 antibody also
showed no significant differences in expression of Brca2
(data not shown).
We next asked whether Fancd2 plays a role in modu-

lating the interaction between Rad51 and BRCA2. Im-
munoprecipitation of Brca2 was performed on whole-cell
lysates from Fancd2 mutant, Fancc mutant, and wild-
type mouse testes. An anti-Brca2 antibody but not con-
trol IgG was capable of immunoprecipitating Rad51 from
whole-cell lysates of testis from Fancd2 mutant, Fancc
mutant, and wild-type animals (Fig. 6B). We conclude
that the protein levels and interaction of Rad51 and
Brca2 are normal in Fancd2 mutant and Fancc mutant
mice.
Finally, we performed immunocytochemistry experi-

ments designed to examine whether Rad51 foci form
normally in the nuclei of Fancd2-null fibroblasts follow-
ing DNA damage (Fig. 6C). Primary wild-type and
Fancd2−/− MEFs were scored for the presence of Rad51
foci. An equal number of untreated wild-type (36%) and
Fancd2−/− (32%) MEFs contained >5 foci per nucleus.
Similarly, no difference in the level of Rad51 foci was
observed between wild-type (51%) and Fancd2−/− (58%)
MEFs 6 h after treatment with ionizing radiation. We

find that Rad51 foci formation is unaltered in Fancd2-
null fibroblasts when compared with wild-type controls.

Discussion

The phenotype of human Fanconi anemia patients indi-
cates that the FA pathway is important for normal em-
bryonic development, the maintenance of genomic sta-
bility, and the preservation of several types of stem cells
(Auerbach et al. 2001). The recent discovery that the
breast cancer gene, BRCA2, is an FA gene (Howlett et al.
2002) has connected this rare disorder to a common form
of cancer. Nonetheless, the precise function(s) of the FA/
BRCA pathway remains unknown (D’Andrea and
Grompe 2003). We and others have previously created
strains of mice with targeted deletions of the murine
Fanca, Fancc, and Fancg genes, all components of the FA
nuclear complex. These mutants have very similar phe-
notypes (Chen et al. 1996; Whitney et al. 1996; Cheng et
al. 2000; Yang et al. 2001; Koomen et al. 2002; Noll et al.
2002), supporting a model in which the components of
the complex participate in a common function. To de-
termine whether Fancd2 participates only in this func-
tion in vivo or has additional roles, we generated a strain
of mice with a null allele in this gene.
Earlier studies have suggested that FANCD2may have

unique roles that are distinct from the other FA proteins.
First, it acts downstream of the FA nuclear complex and
is the target of the monoubiquitination mediated by the
complex (Garcia-Higuera et al. 2001; Timmers et al.
2001). Hence, the integrity of the FA nuclear complex is
not perturbed in FA-D2 cells, unlike in other comple-
mentation groups (Garcia-Higuera et al. 1999; de Winter
et al. 2000c). Second, FANCD2 is the only FA protein
known to form nuclear foci after DNA damage and to
colocalize with the repair proteins BRCA1 and RAD51

Table 1. Increased incidence of tumors of epithelial cell origin in Fancd2 mutant mice

Genotype Background Sex Age at death Tumor type

Fancd2−/− Mixed Female 14 mo Ovarian adenoma
Fancd2−/− Mixed Male 15 mo Hepatic adenoma
Fancd2−/− Mixed Male 19 mo Hepatic adenomaa

Fancd2−/− Mixed Male 19 mo Adenoma of fundic mucosaa

Fancd2−/− Mixed Male 18 mo Gastric adenoma
Fancd2−/− Mixed Male 13 mo Facial seborrheic keratosis
Fancd2−/− Mixed Female 13 mo Mammary adenocarcinoma
Fancd2−/− Mixed Male 19 mo B-cell lymphomab

Fancd2−/− Mixed Male 19 mo Hepatocellular carcinomab

Fancd2−/− Mixed Male 19 mo Bronchoalveolar carcinomab

Fancd2−/− Mixed Male 19 mo Bronchoalveolar carcinomab

Fancd2−/− Mixed Male 18 mo Hepatocellular carcinoma
Fancd2−/− 129S4 Male 13 mo Lung adenocarcinoma
Fancd2−/− 129S4 Female 3 mo Ovarian adenocarcinoma
Fancd2−/+ Mixed Male 23 mo Hepatic adenoma
Fancd2−/+ Mixed Female 22 mo Ovarian cystadenoma
Fancd2−/+ Mixed Female 18 mo Hepatic adenoma
Wild type Mixed Male 19 mo Hepatic adenoma

aHepatic adenoma and adenoma of fundic mucosa occurred in the same Fancd2 mutant.
bB-cell lymphoma and three primary tumors occurred in the same Fancd2 mutant.
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(Garcia-Higuera et al. 2001; Taniguchi et al. 2002a). Fi-
nally, FANCD2 is directly phosphorylated by ATM in
response to IR but not in response to ICLs (Nakanishi et
al. 2002; Taniguchi et al. 2002b). Other FA proteins are
not known to be targets of the ATM kinase.
Despite these biochemical differences, human FA-D2

patients do not differ significantly clinically from FA pa-
tients belonging to other complementation groups (Tim-
mers et al. 2001). However, FA-D2 is a rare complemen-
tation group, and all human patients reported to date
have at least one mutant allele that could have some

residual function, and, therefore, the phenotype of a
true FANCD2-null mutation remained uncertain. The
Fancd2 mutant mice reported here display all the fea-
tures of previously reported strains of FA knockout mice,
but also have important differences.

Fancd2, ionizing radiation, and the ATM
signaling pathway

Ser 222 of human FANCD2 is phosphorylated by ATM
in response to IR, and this posttranslational modification

Figure 5. DNA damage sensitivity and S-phase checkpoint in Fancd2−/− MEFs and mice. Primary MEFs were challenged with
increasing doses of mitomycin C (A), 4�-hydroxymethyl-4,5�,8-trimethylpsoralen (HMT) plus UVA (PUVA; B), or ionizing radiation (C).
(�) Wild-type control MEFs; (�) Fancd2 mutant MEFs; (�) Fancc mutant MEFs. Experiments were performed in quadruplicate. Each
data point represents the mean ± standard error of the mean (S.E.M.). (D) Survival curve of control (�, �) and Fancd2 mutant (�, �)
mice following a dose of 9 (solid line) and 10 (broken line) Gy of whole-body irradiation. (E,F) Primary Fancd2−/− MEFs have an intact
S-phase checkpoint. DNA synthesis was measured 30 min after treatment with 10 Gy of IR (E) or 0.5 ng/mL H-methoxy-tripsoralen
(F) and is represented as the percentage of untreated controls. As a control, cells were also pretreated with 10 mM caffeine (caff).
Experiments were performed in quintuplet. Error bars indicate the S.E.M.
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has been correlated to increased IR sensitivity in immor-
talized fibroblasts (Taniguchi et al. 2002b). In addition,
phosphorylation of Ser 222 was associated with radia-
tion-induced arrest of DNA synthesis. Therefore, to test
whether Fancd2 played an important role in the response
to IR, the survival of isogenic, primary cells from Fancc
mutant and Fancd2 mutant cells was compared. Inter-
estingly, Fancd2-null cells were not differentially sensi-
tive to IR or ICLs compared with Fancc-null cells. Fur-
thermore, although mild hypersensitivity to IR was ob-
served in vivo (LD50 = ∼9.5 Gy), this sensitivity was also

not greater than that observed for Fancc mutant mice
(Noll et al. 2001).
In addition, and in contrast to Atm mutants, Fancd2-

deficient cells did not display radiation-resistant DNA
synthesis. Therefore, in murine primary cells, Fancd2 is
not necessary for the ATM-mediated S-phase arrest fol-
lowing IR. Overall, the phenotype of Fancd2 mutant
mice is significantly different from that of Atm-null
mice, which display marked radiation sensitivity, im-
mune deficiency, and hematologic tumors (Xu et al.
1996). Together, our observations suggest that Fancd2
does not play a significant role in ATM-mediated physi-
ologic responses to IR. Perhaps human FANCD2 and
murine Fancd2 differ in this aspect of their function,
although the proteins are highly homologous and Ser 222
is conserved between the species. Alternatively, Fancd2
may play a role as a mediator of ATM function in only
some specific circumstances, for example, T-antigen im-
mortalized fibroblasts.

Novel phenotypes in Fancd2 knockout mice

Although Fancd2 mutant mice do not differ measurably
from Fancc mutants in terms of their response to DNA
damage, they have some features not seen in Fanca,
Fancc, or Fancg mutant animals. These phenotypes in-
clude microphthalmia, perinatal lethality, more severe
hypogonadism, and tumor development. Normal func-
tion of the FA nuclear complex is necessary for the
monoubiquitination of FANCD2 in response to DNA
damage or DNA replication (Garcia-Higuera et al. 2001;
Taniguchi et al. 2002a). Therefore, two basic models
exist to explain the divergence of phenotypes between
mutants in Fancd2 and nuclear complex genes. First,
nonubiquitinated Fancd2 protein, as present in Fanca,
Fancc, and Fancg knockout mice, may have some re-
sidual activity in the function common to the FA path-
way. In this model, knockouts of the nuclear complex
genes would be similar to hypomorphic mutations of
the Fancd2 gene. The phenotypes would be the result
of deficiency in the same biochemical function, but
they would be more severe in Fancd2 mutant mice. In
the second model, FANCD2 is a multifunctional pro-
tein with a domain that functions in the FA pathway
and other domains that mediate unrelated functions.
The additional phenotypes of Fancd2 mutants would
then be caused by deficiency of these additional func-
tions.
Most of the features observed in Fancd2-null mice

can be interpreted as more severe manifestations of the
qualitatively similar defects seen in other FA knockouts.
This is most obvious with the germ-cell defects. Al-
though testicular weight is clearly more affected in
Fancd2 mutant mice, the histology is similar to other
FA models. Similarly, we have observed microphthalmia
in the mutant offspring of some Fancc breeding pairs
(M. Grompe, unpubl.), indicating that this is not a truly
novel phenotype but a more complete manifestation
of a defect common to all FA mice. The increased sus-
ceptibility of FA cells to apoptotic cell death after

Figure 6. Interaction of Rad51/Brca2 and Rad51 foci forma-
tion. (A) Whole-cell lysates from mouse testis of the indicated
genotypes were separated by SDS-PAGE and probed with an
antibody against Rad51. (B) Anti-Brca2 antibodies were used to
immunoprecipitate protein complexes. Complexes were sepa-
rated by SDS-PAGE and probed with an antibody against Rad51.
“sn” indicates supernatant from immunocomplexes to compare
bound versus unbound fraction. (C) Rad51 foci formation in
wild-type and Fancd2−/− MEFs either untreated (−IR) or follow-
ing 12 Gy of ionizing radiation (+IR). Cell nuclei were counter-
stained with DAPI (blue).
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DNA damage could provide a common explanation for
the observed germ-cell deficiency, microphthalmia,
small size, and perinatal lethality. In the case of these
developmental defects, the cells would be responding to
spontaneous DNA damage. Overall, the phenotype of
Fancd2mutant mice does not convincingly establish the
existence of additional functional domains in the Fancd2
protein.

Fancd2, Brca2, and carcinomas

Although human patients with FA develop a variety of
cancers, tumors have never been reported in the other FA
knockout mice even when followed to very late ages. In
contrast, it is well established that mice with a truncat-
ing mutation in Brca2 are at an increased risk of a variety
of neoplasms (Connor et al. 1997; McAllister et al. 2002).
Interestingly, the tumor spectrum of the Brca2 hypomor-
phic mice was comparable to that seen in Fancd2 mu-
tants (McAllister et al. 2002). In both cases, a predispo-
sition toward epithelial cancers was seen, and the age of
onset was similar. Brca2 hypomorphic mice also have
other similarities such as an FA-like germ-cell defect,
small size, and perinatal lethality. Taken together, this
extensive phenotypic overlap is consistent with the hy-
pothesis that the C-terminal domain of Brca2 functions
in the same pathway as Fancd2.
Human BRCA2 is known to interact with and modu-

late the activity of RAD51, a central player in homolo-
gous recombination, and Brca2 mutant cells are known
to have defects in error-free recombination (Moynahan et
al. 2001b; Tutt et al. 2001). Therefore, the identification
of Brca2 as an FA gene supports a role for the FA pathway
in recombination DNA repair. This hypothesis is
strengthened by the observation that chromosomes in
the pachytene stage of meiosis mispair, as described
here. One potential function for the FA pathway could be
to control the interaction between Rad51 and Brca2 and
thereby modulate homologous recombination events at
sites of DNA damage. However, Western blot analysis of
Fancd2 mutant tissues showed normal Rad51 levels as
well as normal interaction of the Brca2 and Rad51 pro-
teins as determined by coimmunoprecipitation. Further-
more, Rad51 foci formation following DNA damage was
normal in Fancd2−/− MEFs. Thus, our data do not sup-
port a simple model in which the FA pathway controls
the stability/rate of Brca2/Rad51 interaction.
In humans, heterozygosity for inactivating BRCA2

germ-line mutations is associated with breast, ovarian,
and pancreatic cancer, all tumors of epithelial origin. It is
unclear at present why these tissues are particularly af-
fected, but it is interesting to note that epithelial tumors
in rodents have been associated with telomere shorten-
ing (Artandi et al. 2000; Chang et al. 2001). Human FA
patients are known to display significantly shortened
telomeres in hematopoietic cells (Leteurtre et al. 1999;
Adelfalk et al. 2001; Brummendorf et al. 2001; Hanson et
al. 2001), and it is therefore interesting to speculate that
the FA/BRCA pathway could be involved in telomere
maintenance in some tissues.

The high incidence of epithelial tumors observed in
Fancd2 mutants here also raises the issue whether
FANCD2 could be an important gene in some human
epithelial cancers, especially of the breast and ovary. Im-
portantly, some cases of familial ovarian cancer have
been linked precisely to the region where FANCD2 re-
sides in the human genome (Sekine et al. 2001; Simsir et
al. 2001; Zhang and Xu 2002). Future studies of human
patients with these disorders will be needed to deter-
mine whether FA genes play a role in sporadic or inher-
ited human cancers.

Materials and methods

Targeting vector design and generation of
Fancd2-deficient mice

A � phage library of mouse cDNA (Lambda FIX II-Stratagene)
was screened with a 3� 3.0-kb RACE fragment of mouse Fancd2
cDNA. DNA was purified from positive phage clones, and a
7.9-kb BamHI fragment of genomic DNA was subcloned into
the Saccharomyces cerevisiae/Escherichia coli shuttle vector,
YCplac22-TK (Gietz and Sugino 1988), to generate YCplac22-
TK + BamHI fragment. This 7.9-kb fragment was further sub-
cloned, sequenced, and found to contain exons 21–28 of the
mouse Fancd2 gene. The following primer pairs were used to
amplify sequence flanking exons 26 and 27, and the PCR prod-
ucts were cloned into the plasmid pRAY-1 (Storck et al. 1996) to
generate pRAY-1+ flanking arms: 5�-TCAGCCTCACATGGA
GTTTAACG-3�/5�-GTGTGGACACTAACCTCACTCGC-3� and
5� -TTTCCTGTCCTCATCTGCG-3�/5�-TGCAAAGAGAGAAA
TGACTCAAG-3�. pRAY-1+ flanking arms and the YCplac22-
TK + BamHI fragment were cotransfected into yeast strain
MW3317-21A (−trp, −ura) and selected in −ura/−trp dropout me-
dia. Clones were screened for a recombination event between
the two plasmids that replaced mouse exons 26 and 27 with the
neo–ura cassette from pRAY-1. YCplac22-TK + BamHI (del
exon26/27) was linearized and injected into 129S4 ES cells.
gDNA was isolated from clones that were doubly resistant to
G418 and gancyclovir, digested with XbaI, and Southern blotted
using a 333-bp probe that binds 266–599 bp 3� of the BamHI site
marking the 3�-most end of genomic mouse sequence in the
targeting vector (see Fig. 1B). The probe was amplified from total
mouse genomic DNA using the following PCR primers pairs:
5� - GAGTTGTTCTTTTGTATGCCCGTC-3�/5� - GTCTTGTAT
CTGCTTTCCTCTGCC-3�, and cloned into pCR-Blunt II-
TOPO (Invitrogen). The probes were digested out with EcoRI.
Four highly chimeric males were produced from blastocyst in-
jections of correctly targeted ES cells.

Animal husbandry

Chimeric animals were crossed to C57BL/6J mice, and homo-
zygous Fancd2 knockout mice on a mixed 129S4, C57BL/6J
background were generated. Founder animals were also back-
crossed for six generations to pure C57BL/6J mice to generate a
population of homozygous Fancd2 knockout mice on the
C57BL/6J background. A strain of congenic 129S4 Fancd2 mu-
tants was generated by breeding a germ-line chimera with 129S4
females. To generate Fancd2 mutants that lacked the neo–ura
knockout cassette, a Fancd2 heterozygous male was crossed to
a female mouse in a mixed C57BL/6J, DBA background con-
taining the transgene encoding Cre recombinase driven by a
testes-specific promoter [Jackson Labs strain #3466, B6;D2-
TgN(Sycp1-Cre)4Min].
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PCR genotyping

Fifty nanograms of gDNA was prepared from toes as previously
described (Miller et al. 1988) and used as a template in PCR
(Mullis and Faloona 1987) to genotype mice: a forward primer,
MG968 (5�-TCAGCCTCACATGGAGTTTAACG-3�) and two
reverse primers, MG1007 (5�-AATTCGCCAATGACAAGAC
GC-3�; amplifies a mutant band of 556 bp) and MG1008 (5�-
CAGGGATGAAAGGGTCTTACGC-3�; amplifies a wild-type
band of 303 bp). The reaction conditions were 94°C for 3 min; 37
cycles of 94°C for 25 sec, 48°C for 25 sec, and 72°C for 35 sec;
and a final extension at 72°C for 2 min. For detection of the
Fancd2 mutant allele lacking the neo–ura cassette, the same
reaction was used but primerMG1007 was replaced with primer
MG1280 (5�-GCTACACAGCATTGCCCATAAAG-3�; ampli-
fies a mutant band of 459 bp).

Histology

Tissues fixed in 10% phosphate-buffered formalin for 24 h (pH
7.4) were dehydrated in 100% EtOH and embedded in paraffin
wax at 58°C. Then 4-µm sections were rehydrated and stained
with hematoxylin and eosin (H&E).

Meiotic chromosome staining

Surface spreads of pachytene and diplotene spermatocytes from
male mice between the ages of 16 and 35 d old were prepared as
described by Peters et al. (1997). A polyclonal goat antibody to
the mouse Scp3 protein was used to visualize axial elements
and synaptonemal complexes in the meiotic preparations (Plug
et al. 1997). The anti-Rad51 rabbit polyclonal antibody (Ab-1)
was purchased from Oncogene Research Products. Antibody in-
cubation and detection procedures were a modification of the
protocol of Moens et al. (1987) as described by Keegan et al.
(1996). Combinations of donkey anti-rabbit and donkey anti-
goat IgG secondary antibodies conjugated to either FITC or
TRITC were used for detection (Jackson ImmunoResearch
Laboratories). All preparations were counterstained with 4�,6�-
diamino-2-phenylindole (DAPI, Sigma) and mounted in a
DABCO (Sigma) antifade solution. The preparations were ex-
amined on a Zeiss Axioplan-2 microscope (63× Plan Apochro-
mat and 100× Plan Apochromat oil-immersion objectives). Each
fluorochrome (FITC, TRITC, and DAPI) image was captured
separately as a 1344 × 1024-pixel, 12-bit grayscale source image
via OpenLab software (Improvision) controlling a cooled-CCD
camera (Hamamatsu Orca ER), and the separate grayscale im-
ages were cropped, 24-bit pseudocolored, and merged using
Adobe Photoshop.

Cell growth assays

Primary (passage 2) mouse embryonic fibroblasts (MEFs) were
prepared from pregnant mice at between 12 and 15 d postcoitus
and seeded in quadruplicate at a density of 500 cells/well in
96-well plates. Cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM; GIBCO-BRL) supplemented with 15% fetal
bovine serum (FBS; HyClone) and 1× penicillin/streptomycin
(GIBCO-BRL). Cells were treated with increasing doses of mi-
tomycin C (Sigma; 0–640 ng/mL) or 4�-hydroxymethyl-4,5�,8-
trimethylpsoralen (HMT; Sigma) plus UVA (PUVA; 0–0.5 ng/
mL), as previously described (Akkari et al. 2000). Ionizing radia-
tion was administered at a dose of 145.9 rad/min from a 137Cs
source. Following treatment, cells were allowed to grow at 37°C
for 5 d in 5% CO2. Plates were frozen at −80°C. Total DNA was
quantified using CyQuant (Molecular Probes) and compared

with untreated controls as an indication of cell growth as pre-
viously described (Cheng et al. 2000). Quantification of DNA
using CyQuant was performed using a Fluorstar plate reader
(B&L Systems) according to the manufacturer’s instructions.

Radioresistant DNA synthesis (RDS) assay

The RDS assay was performed as previously described with
modifications (Painter and Young 1980; Taniguchi et al. 2002b).
Primary MEFs (wild-type and Fancd2, p2) or ear (Atm, p3) fibro-
blasts were seeded at a cell density of 75,000 per 60-mm dish.
Cells were preincubated in media containing 10 nCi/mL thy-
midine [methyl-14C] (NEN Life Sciences, catalog #NEC568) for
24 h to control for total DNA content and then incubated for 24
h in nonradioactive media. Following DNA damage, cells were
incubated at 37°C for 30 min with 5% CO2 to allow arrest of
DNA synthesis and then incubated in media containing 2.5
µCi/mL thymidine [methyl-3H] (NEN Life Sciences, catalog
#NET027) for 3 h. Cells were postincubated at 37°C for 30 min
with 5% CO2 in nonradioactive media to remove unincorpo-
rated thymidine pools, washed three times in ice-cold phos-
phate-buffered saline (PBS), and fixed at room temperature in
90% methanol. Cells were scraped onto Whatman QF/C filters
and air-dried for 10 min. Radioactivity was measured using a
Beckman LS6500 scintillation counter. DNA synthesis is cal-
culated from the ratio of 3H:14C cpm corrected for channel
crossover and is represented as a percentage of untreated con-
trols. Experiments were performed in quintuplet. The data
shown are the mean ± standard error of the mean (S.E.M.).

Immunoblotting of Brca2, Rad51, and Fancd2

Preparation of whole-cell lysates: Testes from 4–6-week-old
mice belonging to complementation groups A, C, D2, and con-
trol mice or MEFs were homogenized with an Eppendorf ho-
mogenizer containing 500 µL of lysis buffer (1× PBS, 1% Noni-
det P-450, 0.5% sodium deoxycholate, and 0.2% SDS) including
20 µg/mL phenylmethylsulfonyl fluoride, 1 µg/mL leupeptin,
and 1 µg of aprotinin. The suspension was passed through a
27-gauge needle a few times to shear the DNA and centrifuged
at 15,000g and 4°C for 20 min to remove the debris. The super-
natant was stored at −80°C. Total protein from each of the
samples was analyzed in triplicate using the Lowry assay
(Lowry et al. 1951). For immunoprecipitation and Western blot-
ting of Brca2, mouse monoclonal Brca2 (Ab-1) antibody (Onco-
gene Research Products) was used for the human cells, and a
rabbit polyclonal anti-Brca2 (H-300) antibody was used for the
mouse samples. Anti-Rad51 antibody (Santa Cruz Biotechnol-
ogy, Inc.) was used on the mouse testicular samples for both
immunoprecipitation (IP) and Western blotting.
Immunoblot analysis of Rad51: Testicular lysates were re-

solved on pre-cast Nupage 10%–12% Bis-Tris gels (Invitrogen,
Life Technologies). Then 100 µg of lysate was denatured by
heating at 70°C for 10 min after the addition of an appropriate
amount of 4× Nupage sample buffer and 10× reducing agent.
The proteins were transferred to Immobilon-P Transfer mem-
branes (Millipore Corporation), and Rad51 was detected using a
1:500 dilution of anti-Rad51 antibody (Santa Cruz Biotechnol-
ogy, Inc.), a 1:2000 dilution of anti-rabbit secondary antibody
(Amersham Life Science), and the ECL detection system (Am-
ersham Life Science).
Immunoblot analysis of Fancd2: Testicular lysates were re-

solved on precast Nupage 3%–8% gradient gels (Invitrogen Life
Technologies). MEF lysates were resolved on a 5% Tris-glycine
gel. One-hundred micrograms of the lysates was denatured by
heating at 70°C for 10 min after the addition of appropriate
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amount of 4× Nupage sample buffer and 10× reducing agent.
The proteins were transferred to Immobilon-P Transfer mem-
branes (Millipore Corp.) and Fancd2 was detected using a 1:5000
(testes) or 1:1000 (MEFs) dilution of anti-FANCD2 polyclonal
antibody and 1:10,000 dilution of anti-rabbit secondary anti-
body (Amersham Life Science) and the ECL system (Amersham
Life Science).

Immunoprecipitation of Rad51 and Brca2
from testicular lysates

Preparation of Protein A Sepharose: The media (Amersham Life
Science) was washed three times with the lysis buffer described
above and centrifuged at 12,000g for 20 sec. The supernatant
was discarded between washes. A 50% slurry was prepared by
mixing equal volumes of media and lysis buffer, and was stored
at 4°C.
Cell lysis: For Brca2, VU423 (Howlett et al. 2002) and HeLa

cells were used as controls. The culture medium was removed,
and the cells were washed twice with ice-cold PBS. The dishes
were placed on ice, and the cells were collected with a cell
scraper. Tissues were lysed in 100 µL of lysis buffer and incu-
bated on ice for 10–15 min with occasional shaking. The cells
were further disrupted by passage through a 21-gauge needle.
The lysates were centrifuged at 12,000g and 4°C for 10 min to
remove particulate matter, and the supernatant was transferred
to a fresh tube.
Immunoprecipitation: For immunoprecipitation, 1 mg (1 mL)

of whole-cell or tissue extract was transferred to a 2-mL centri-
fuge tube. The lysate was precleared by adding 1 µg of the ap-
propriate normal mouse, rat, rabbit, or goat IgG together with 20
µL of Protein A Sepharose conjugate. Incubation was done at
4°C for 1 h and pelleted by centrifugation at 2500 rpm and 4°C
for 5 min. The precleared supernatant was transferred to a fresh
Eppendorf tube.
Coupling of antigen to the antibody: The above supernatant

was aliquoted to 500 µL, and the respective primary antibodies
(anti-Rad51, H-300 for mouse Brca2 and Ab-1 for human
BRCA2) were added to a final concentration of 10 µg/mL and
mixed on a rotary shaker at 4°C for 1 h.
Precipitation of the immune complexes: Fifty microliters of

Protein A Sepharose 4 Fast Flow suspension (50% slurry, de-
scribed above) was added to the antigen–antibody complex and
mixed on a rotary shaker at 4°C for 1 h. The complex was
centrifuged at 12,000g for 20 sec, and both the pellet and the
supernatant were saved to compare bound versus unbound pro-
tein. The pellet was washed three times with 1 mL of lysis
buffer and once with wash buffer (50 mM Tris at pH 8.0).
Dissociation and analysis: Final pellets were suspended in 30

µL of 4× Nupage sample buffer (Invitrogen) containing 1× DTT.
The samples were heated to 95°C for 3 min and centrifuged at
12,000g for 20 sec to remove the beads. The supernatant was
removed and analyzed by immunoblot as described above.

Rad51 foci formation immunocytochemistry

Primary wild-type and Fancd2−/− MEFs were seeded on 18-mm
coverslips and grown in DMEM + 15% FBS. Cells (untreated or
treated with 12 Gy of ionizing radiation) were fixed 6 h after
treatment with 4% paraformaldehyde at room temperature for
10 min and permeabilized with PBS + 0.5% Triton X-100 for 5
min. Cells were blocked in PBS-Tween 20 (0.25%) + 2% BSA at
4°C overnight. Anti-human RAD51 antibody (Oncogene) was
used at a dilution of 1:1000 in PBS-Tween 20 (0.25%) + 2% BSA
at room temperature for 1 h. Cells were washed four times for 5
min in PBS-Tween 20 (0.25%). Anti-rabbit-Cy3-conjugated sec-

ondary antibody (Upstate Biotechnology) was used at a dilution
of 1:2000 in PBS-Tween 20 (0.25%) at room temperature for 1 h.
Cells were washed four times for 5 min in PBS-Tween 20
(0.25%). Coverslips were mounted in a DAPI-containing anti-
fade solution (Molecular Probes) and analyzed by fluorescence
microscopy. Images were captured using Openlab software. The
results are the mean of two independent experiments in which
200 cells were counted per experiment. Cells were scored posi-
tive if they contained >5 foci per nucleus.
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