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We have investigated the hematopoietic phenotype of mice with a hypomorphic mutation in the
Brca2/Fancd1 gene (Brca2D27/D27 mutation). In contrast to observations made in other Fanconi
anemia (FA) mouse models, low numbers of hematopoietic colony-forming cells (CFCs) were noted in
Brca2D27/D27 mice, either young or adult. Additionally, a high incidence of spontaneous chromosomal
instability was observed in Brca2D27/D27 bone marrow (BM) cells, but not in Brca2+/D27 or Fanca�/� BM
cells. Although Brca2D27/D27 CFCs were not hypersensitive to ionizing radiation, a very severe
hematopoietic syndrome was observed in irradiated Brca2D27/D27 mice. Conventional BM competi-
tion experiments showed a marked repopulation defect in Brca2D27/D27 hematopoietic stem cells
(HSCs), compared to wild-type HSCs. Moreover, we have observed for the first time in a DNA repair
disease model a very significant proliferation defect in Brca2D27/D27 HSCs maintained in their natural
physiological environment. The progressive repopulation of wild-type HSCs transplanted into
unconditioned Brca2D27/D27 recipients is reminiscent of the somatic mosaicism phenomenon
observed in a number of genetic diseases, including FA. The hematopoietic phenotype associated
with the Brca2D27/D27 mutation suggests that this FA-D1 mouse model will constitute an important
tool for the development of new therapies for FA, including gene therapy.
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INTRODUCTION

Recent studies in mouse models of genetic diseases are
clarifying the relevance of DNA repair proteins in
hematopoiesis and, more specifically, in the function
of hematopoietic stem cells (HSCs). In this respect,
mice with mutations in proteins involved in double-
strand break (DSB) repair, like Rad50s/s [1] and Atm�/�

mice[2], developed a progressive hematopoietic failure
resulting from a defect in the HSC function. Similarly,
hematopoiesis of mice deficient in Ercc1, an endonu-
clease involved in both nucleotide excision repair
(NER) and interstrand crosslink repair, was severely
reduced in a manner consistent with that found in
normal aging [3]. In contrast to the phenotype of
these animals, mice deficient in mismatch repair
(MSH2�/� mice) [4] or in NER (Xpa�/� mice) [3] had
a milder hematopoietic phenotype. A number of
laboratories, including our own, have also found a
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hematopoietic phenotype in mouse models of Fanconi
anemia (FA) [5–7], although as in MSH2�/� or in Xpa�/�

mice, basal hematopoietic defects in FA mice were not
severe.

Fanconi anemia is a highly heterogeneous disease, for
which 12 complementation groups have already been
identified: FA-A/B/C/D1/D2/E/F/G/I/J/L/M [8,9]. With
the exception of the FA-I group, genes corresponding to
all these complementation groups have now been iden-
tified [9–11]. In dividing cells or in cells exposed to DNA
aggression, eight FA proteins (FANCA/B/C/E/F/G/L/M)
form a FA protein core. Both the FA protein core and
probably the FANCI are necessary for the monoubiquiti-
nation of FANCD2 [8,12,13]. Ub-FANCD2 then interacts
with other DNA repair proteins, including BRCA1 [12]
and BRCA2 [14,15], also known as FANCD1 [16].
Although FANCD1/BRCA2 is pivotal in homologous
recombination [17,18], the role that the other FA proteins
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have in the repair of DSBs remains under extensive
investigation [19–22].

Significantly, FA patients with biallelic mutations in
the FANCD1/BRCA2 gene show a more severe phenotype
and cancer proneness, compared to other FA patients
[23]. This observation together with the high incidence of
cancer in mice with hypomorphic mutations in Brca2
[24] (the null expression of Brca2 is embryonic lethal) [25]
prompted us to investigate the relevance of Brca2
mutations in mouse hematopoiesis and, more specifi-
cally, in the functionality of the self-renewing HSCs. Our
data show that the homozygous deletion of exon 27 in
the Brca2 gene, the Brca2D27/D27 mutation [24], confers a
marked proliferation defect in the hematopoietic progen-
itors and in the self-renewing HSCs of the mouse. This
proliferation defect facilitated the progressive repopula-
tion of unconditioned Brca2D27/D27 mice by transplanted
wild-type (WT) bone marrow (BM) cells, mimicking the
proliferation advantage of genetically corrected cells
observed in patients suffering from inherited diseases
like FA.

RESULTS

Deficient Numbers and Impaired Proliferative
Potential of Myeloid Colony-Forming Cells from
Brca2D27/D27 Mice
We first conducted hematological and flow cytometry
analyses of peripheral blood (PB) cells from adult
TABLE 1: Comparative phenotypic analysis of peripheral blood
Brca2D27/D

Tissue Phenotype W

Peripheral blood Gr1 29.4

Mac 35.1

B220 43.0

CD3 9.7
CD4 7.2

CD8 1.9

Bone marrow Gr1 40.0

Mac 48.2
B220 24.4

CD3 1.3

Ter119 5.6
Lin� 9.2

Lin�c-Kit+ 6.5

Lin�Sca1+ 0.24

Lin�Sca1+c-Kit+ 0.15
Spleen Gr1 7.6

Mac 5.9

B220 43.5

CD3 32.2
Thymus CD3 42.9

CD4+CD8� 9.6

CD8+CD4� 5.5
CD4+CD8+ 86.1

CD4�CD8� 4.2

526
Brca2D27/D27, age-matched heterozygous and WT mice.
We observed no significant differences in the numbers of
PB cells between the three groups of mice (data not
shown). Flow cytometry analyses of PB, BM, spleen, and
thymus also showed no significant differences between
Brca2D27/D27 mice and heterozygous or WT mice (see
Table 1).

Data in Fig. 1 show the cellularity and the number of
colony-forming cells (CFCs) in the BM and spleen of
Brca2D27/D27 mice and heterozygous or WT mice. We
observed slight decreases in the cellularity of femoral BM
and spleen between adult Brca2D27/D27 and age-matched
heterozygous or WT mice (Fig. 1A), although this may
simply reflect the lower weight of Brca2D27/D27 mice (15%
lower than that of WT mice). In contrast to mild
differences in cellularity, we observed a very significant
reduction in the proportion of CFCs in both the BM and
the spleen of Brca2D27/D27 mice, compared to the control
group (on average, values were only 25–50% of control
values; Fig. 1A). To investigate whether our observations
could be related to premature aging of the animals, we
also determined CFC values in 1.5-week-old mice. As
shown in Fig. 1B, we obtained observations almost
identical to those obtained in adult mice, suggesting a
proliferation defect in Brca2D27/D27 progenitor cells. This
possibility was further investigated by comparing the
sizes of colonies generated by the different mouse groups.
While 45% of the colonies from WT and heterozygous
mice were large colonies, only a minor proportion of the
, bone marrow, spleen, and thymus from WT, Brca2+/D27 and
27 mice

T Brca2+/D27 Brca2D27/D27

F 2.6 37.6 F 4.0 20.1 F 3.6

F 1.6 40.4 F 6.8 24.7 F 4.8

F 7.4 48.4 F 9.1 47.6 F 8.4

F 5.4 10.3 F 7.8 14.4 F 6.7
F 4.1 7.9 F 6.4 11.6 F 7.6

F 0.5 1.5 F 0.4 1.9 F 0.1

F 19.9 37.7 F 18.5 36.6 F 18.6

F 1.9 43.8 F 2.3 49.5 F 4.7
F 1.8 22.9 F 6.4 24.7 F 7.0

F 0.5 1.7 F 0.2 1.9 F 0.3

F 1.2 5.7 F 1.7 5.9 F 0.9
F 1.3 10.0 F 1.3 7.1 F 0.1

F 0.7 6.4 F 0.9 4.9 F 0.4

F 0.16 0.11 F 0.02 0.22 F 0.07

F 0.02 0.08 F 0.02 0.14 F 0.04
F 0.7 6.9 F 0.8 6.5 F 0.7

F 1.1 5.6 F 0.3 4.9 F 0.5

F 4.5 44.5 F 1.5 45.2 F 1.2

F 2.7 30.9 F 2.1 31.2 F 1.6
F 20.1 37.5 F 21.5 39.1 F 19.5

F 0.2 7.2 F 1.0 6.8 F 1.4

F 0.6 5.9 F 1.1 4.5 F 0.9
F 1.6 82.9 F 1.0 93.0 F 0.2

F 0.8 8.4 F 1.5 5.3 F 2.3
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FIG. 1. Analysis of the cellularity and hematopoietic colony-forming cells in the

bone marrow and spleen of Brca2D27/D27 mice compared to age-matched

Brca2+/D27 and WT mice. Data represent the meanFSEM values correspond-

ing to three to five mice per group. (A) Data corresponding to 8- to 12-week-

old mice are shown. (B) Data corresponding to 1.5-week-old mice. *Statistical

significance between the Brca2D27/D27 and WT groups (P b 0.05).

FIG. 2. Proliferation defect in hematopoietic colony-forming cells from

Brca2D27/D27 mice. (A) The distribution of large, medium, and small colonies

generated by the bone marrow from WT, Brca2+/D27, and Brca2D27/D27 mice

(three animals per group). Representative colonies from each category are

shown. (B) The cumulative number of viable cells and proportion of CFCs in

bone marrow cultures from WT (open symbols) and Brca2D27/D27 (filled

symbols) mice subjected to ex vivo expansion (see Materials and Methods).

The meansFSEM of data corresponding to four different experiments, each

with a different bone marrow sample, are shown. *Significant differences

with respect to WT samples (P b 0.05).
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colonies (12%) from Brca2D27/D27 mice were large (Fig.
2A). In a subsequent set of experiments, we subjected BM
cells from Brca2D27/D27 and from WT mice to in vitro
incubation in liquid cultures. As shown in Fig. 2B, we also
observed evident differences in the expansion of BM cells
from Brca2D27/D27 and WT mice. Growth defects were
even more marked when we analyzed the content of
CFCs along the incubation period (Fig. 2B). All these data
MOLECULAR THERAPY Vol. 14, No. 4, October 2006
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are consistent with a proliferative defect in BM progen-
itors as a result of the Brca2D27/D27 mutation.

Spontaneous and Mitomycin C-Induced
Chromosomal Aberrations of Brca2D27/D27 Bone
Marrow Cells
To analyze the response of Brca2D27/D27 hematopoietic
progenitors to DNA crosslinking agents, we performed
CFC assays with WT, Brca2+/D27, and Brca2D27/D27 BM
cells in the presence of increasing concentrations of
mitomycin C (MMC). As previously observed in other
FA models [5,7], CFCs from Brca2D27/D27 mice were
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highly sensitive to MMC (Fig. 3A). Next we inves-
tigated the presence of cytogenetic abnormalities in
Brca2D27/D27 BM cells subjected to in vitro stimulation
for 2 days, both in the presence and in the absence of
MMC. As an additional control, we included cells
FIG. 3. Mitomycin C sensitivity and chromosomal instability of bone marrow pro

progenitors from WT (open symbols), Brca2+/D27 (gray symbols), and Brca2D27/

meanFSEM corresponding to three experiments. (B) Analysis of the number o

Brca2D27/D27 mice in the absence (�) or the presence (+) of 30 nM MMC. Data f

were scored in each case. (C) Representative metaphase spreads showing spo

exchanges, such as radial and complex figures (arrowheads) in WT, Fanca�/�, a
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from Fanca�/� mice in these experiments. As expected,
we observed a low number of chromatid breaks in cells
from WT and Brca2+/D27 mice, regardless of the
presence of MMC. Compared to non-MMC-treated
samples, cells from Fanca�/� and Brca2D27/D27 mice
genitors from Brca2D27/D27 mice. (A) Analysis of the sensitivity of bone marrow
D27 (black symbols) mice to mitomycin C (MMC). Each point represents the

f chromatid breaks in bone marrow cells from WT, Fanca�/�, Brca2+/D27, and

rom one representative experiment are shown. A minimum of 50 metaphase

ntaneous and MMC-induced chromatid breaks (arrows) and interchromatid

nd Brca2D27/D27 bone marrow cells.
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showed a marked increase in the number of chromatid
breaks after a 30 nM exposure. Moreover, a high
number of spontaneous chromosomal aberrations was
characteristic of Brca2D27/D27 cells (Fig. 3B). The pres-
ence of MMC-induced and spontaneous chromosome
aberrations in these cells is shown in Fig. 3C. All these
data are consistent with results previously obtained in
FA-D1 patients, who show a high rate of chromosomal
aberrations, even in the absence of a genotoxic insult
[26].
FIG. 4. Impaired response of Brca2D27/D27 mice to ionizing radiation. (A) Pictu

Brca2D27/D27 mice. (�/+ IR, cells were sham-irradiated or irradiated with 12 Gy.)

(gray symbols), and Brca2D27/D27 (black symbols) mice after in vitro irradiation.

[23]. The parameters obtained from the mathematical model were the following

Do = 0.94 Gy, n = 2.3. (C) Hematopoietic syndrome of WT (open symbols) and

of 1 Gy delivered at 24-h intervals). Seven days after the irradiation protocol w

were periodically analyzed in peripheral blood.

MOLECULAR THERAPY Vol. 14, No. 4, October 2006

Copyright C The American Society of Gene Therapy
Impaired Hematopoietic Response of Brca2D27/D27

Mice to Ionizing Radiation
Based on previous observations showing that FA-D1 is
the only FA complementation group incapable of gen-
erating Rad51 foci after DNA damage [27], we inves-
tigated whether fibroblasts from Brca2D27/D27 mice were
capable of generating Rad51 foci after an exposure of 12
Gy. Consistent with results obtained in FA-D1 patients,
fibroblasts from Brca2D27/D27 mice did not generate
Rad51 foci after irradiation (Fig. 4A).
res show representative analyses of Rad51 foci in fibroblasts from WT and

(B) Survival curves of bone marrow CFCs from WT (open symbols), Brca2+/D27

Survival data were adjusted to the multitarget model, as previously described

: WT, Do = 0.91 Gy, n = 4.9; Brca2+/D27, Do = 1.13 Gy, n = 2.0; Brca2D27/D27,

Brca2D27/D27 (filled symbols) mice exposed to total body irradiation (5 doses

as started, numbers of leukocytes (WBCs), erythrocytes (RBCs), and platelets

529
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FIG. 5. Defective competitive repopulation ability of hematopoietic stem cell

from Brca2D27/D27 mice. (A) Experimental approach used to determine the

competitive repopulation ability (CRA) of hematopoietic stem cells from WT

and Brca2D27/D27 mice (see Materials and Methods). (B) Competitive repopu

lation ability of Brca2D27/D27 stem cells (black bars) compared to that observed

in control WT mice (white bars). Relative values of CRA from Brca2D27/D27 with

respect to WT stem cells are shown in parentheses. In all instances the level o

endogenous reconstitution of the irradiated recipients was below 10%

*Statistical significance between the WT and the Brca2D27/D27 groups (P b 0.05)
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To investigate potential differences in the radiosensi-
tivity of the hematopoietic progenitors from WT,
Brca2+/D27, and Brca2D27/D27 mice, we exposed BM cells
from these animals to increasing doses of X-rays and
then cultured them in semisolid medium to determine
the survival rate of the CFCs. Although Brca2D27/D27 CFC
survivals were generally lower compared to Brca2+/D27

and WT CFCs, Do values corresponding to the different
curves were not significantly different between each
other (ANOVA, P N0.05; see Fig. 4B). This indicates that
the Brca2D27/D27 mutation does not significantly modify
the radiosensitivity of these CFCs.

To investigate more deeply the hematopoietic re-
sponse of Brca2D27/D27 mice to irradiation, we subjected
mice to total body irradiation with a fractionated dose of
5 Gy (five doses of 1 Gy spaced 24 h apart, as previously
described [22]). We then followed the hematological
recovery of the animals periodically. As shown in Fig.
4C, the hematopoietic syndrome produced in the ani-
mals was markedly more severe in Brca2D27/D27 mice
compared to WT animals. As shown in the figure, both
the period and the severity of the leukopenia, anemia,
and thrombopenia were much more significant in
Brca2D27/D27 compared to WT animals. To confirm the
high radiosensitivity of these animals, we gave an acute
dose of 7 Gy to the animals. While 90% of WT mice
survived an acute dose of 7 Gy, this dose was supralethal
in Brca2D27/D27 mice, who died within a period of 5–9
days postirradiation (data not shown).

Defective Competitive Repopulation Ability of
Brca2D27/D27 Hematopoietic Stem Cells
Aiming to investigate the HSC functionality of
Brca2D27/D27 mice, we investigated the competitive
repopulating ability (CRA) of BM from WT and
Brca2D27/D27 mice. As illustrated in Fig. 5A, we mixed
BM samples from WT and Brca2D27/D27 mice (males in
all instances) together with the same number of BM
cells from WT females and transplanted them into
myeloablated recipients. To verify that endogenous
hematopoiesis was not significant, we used female mice
with a heterozygous point mutation in the ferrochela-
tase (Fech) gene [28] as recipients (see Fig. 5A). Starting
1 month after transplantation, we periodically deter-
mined the proportion of Y-chromosome-positive cells
in the PB of recipient mice by means of real-time
quantitative PCR (RT-qPCR; see Materials and Meth-
ods). Data obtained at 30 days posttransplantation
showed that the CRA of Brca2D27/D27 BM cells was
markedly below that corresponding to WT BM cells
(Fig. 5B). Furthermore, CRA values from Brca2D27/D27

BM progressively dropped as the posttransplantation
time was increased (Fig. 5B), indicating that, at least
under the proliferative stress mediated by a BM trans-
plantation, the repopulating function of Brca2D27/D27

HSCs is markedly impaired.
MOLECULAR THERAPY Vol. 14, No. 4, October 2006530
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Defective Repopulation Ability of Brca2D27/D27

Hematopoietic Stem Cells Maintained under
Physiological Steady-State Conditions
In the last set of experiments, we aimed to investigate
the proliferating properties of Brca2D27/D27 HSCs main-
tained under their physiological conditions. With this
aim, we transplanted unconditioned Brca2D27/D27 and
WT mice with either 2�106 or 2�107 BM cells from
WT male donors (see Fig. 6A). Under these experimen-
tal conditions, the repopulation of Brca2D27/D27 mice
with donor WT BM cells would indicate a regeneration
defect in Brca2D27/D27 HSCs maintained in their natural
microenvironment.

Transplantation of 2�106 WT BM cells into uncon-
ditioned animals was incapable of engrafting any recip-
ient, regardless of their genotype (n =6; not shown).
Similarly, when we transplanted 2�107 WT BM cells
into WT recipients, no significant engraftment was in any
animal (n =5). In contrast to these observations, three of
y
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FIG. 6. Proliferation advantage of wild-type hematopoietic stem cells transplanted into unconditioned Brca2D27/D27 mice. (A) Experimental protocol used for

evaluating the regeneration capacity of Brca2D27/D27 HSCs under steady-state physiological conditions. In these experiments, bone marrow cells (either 2�106

or 2�107 cells) from male WT mice were transplanted into unconditioned female recipients (either WT or Brca2D27/D27; see details under Materials and

Methods). (B) Analysis of engraftment of donor WT cells in WT (open symbols) and Brca2D27/D27 (filled symbols) recipients determined by RT-qPCR in peripheral

blood cells. Individual data corresponding to recipients transplanted with 2�107 BM cells are shown. (#) Engrafted mice. (C) Representative in situ hybridization

analyses of the Y chromosome in bone marrow samples from WT and Brca2D27/D27 unconditioned recipients transplanted with WT bone marrow cells, as

indicated in (A). Bone marrow samples were analyzed 6 months after transplantation. (D) Partial reversion of the MMC sensitivity of bone marrow progenitors

from Brca2D27/D27 mice produced as a consequence of the transplantation of 2�107 WT BM cells. (#) Data from the three engrafted mice in (B). (E) Sustained

repopulation of WT primary bone marrow cells in myeloablated secondary recipients. Bone marrow from unconditioned primary recipients, WT (open symbols)

and Brca2D27/D27 (filled symbols) mice, was harvested 6 months after transplantation and then infused into irradiated secondary recipients. The level of

endogenous reconstitution of secondary recipients was always below 10%.
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five Brca2D27/D27 recipients showed a progressive recon-
stitution by donor cells, which reached levels close to
45% at 6 months posttransplantation (Fig. 6B). Since the
presence of donor T lymphocytes in recipient PB might
generate false positive results of long-term engraftment,
animals were killed at 6 months posttransplantation, and
we performed in situ hybridization analyses of BM—in
which the proportion of T cells is lower than 3%—with a
Y-chromosome-specific probe. Significantly, the three
engrafted Brca2D27/D27 recipients shown in Fig. 6B showed
a high proportion (around 30%) of BM cells labeled with
the Y-chromosome probe (see a representative analysis in
Fig. 6C; engraftments in these BM samples were also
confirmed by RT-qPCR; data not shown). When we
conducted similar transplantation protocols in Fanca�/�

mice (n =3) and Fancc�/� mice (n =3), no evidence of
engraftment was apparent even 6 months posttransplan-
tation (data not shown).

To evaluate whether the engraftment observed in
unconditioned Brca2D27/D27 recipients corrected the hem-
atopoietic phenotype of these animals, we assessed the
MMC sensitivity of progenitors from WT and Brca2D27/D27

mice transplanted with 2�107 BMCs. As shown in Fig.
6D, the MMC sensitivity of CFCs from engrafted
Brca2D27/D27 mice was markedly reversed compared to
samples from nonengrafted Brca2D27/D27 mice.

Finally, to confirm the proliferation advantage of
exogenous WT HSCs over the endogenous Brca2D27/D27

HSCs, we harvested BM cells from primary uncondi-
tioned recipients 6 months after transplantation and
then retransplanted them into irradiated secondary
recipients (see Fig. 6A). We then investigated the pres-
ence of the original donor cells in the PB of secondary
recipients by RT-qPCR in PB. As shown in Fig. 6E, when
BM cells from Brca2D27/D27 recipients were retransplanted
into secondary mice, up to 70% of the PB cells from these
recipients (data obtained 90 days after transplantation)
were derived from the original BM graft. In contrast,
when WT mice were used as primary recipients, we
observed no reconstitution by the original donor cells.
These data demonstrate the proliferation defect of
endogenous Brca2D27/D27 HSCs maintained in an undis-
turbed physiological environment.

DISCUSSION

Although several mouse models of FA have been already
developed, FA mice generated so far only partially
reproduce the phenotype of the disease [29]. Under
physiological conditions, normal values of hemato-
poietic CFCs were observed in young adult Fancc�/� or
Fanca�/� mice [5,7,30]. However, in older FA mice, or in
BM samples from FA mice subjected to proliferative
stimulation, reduced values of CFCs have been reported
[5,7,31]. As happened in these models of FA, PB cell
counts and flow cytometry analyses in the hemato-
532
poietic organs from Brca2D27/D2 mice were normal.
However, in contrast to data obtained in other FA mouse
models, Brca2D27/D27 mice contained very low numbers
of CFCs in BM and spleen, an observation that was
significant not only in adult mice, but also in 1.5-week-
old animals (Fig. 1). Apart from a reduced number of
hematopoietic CFCs, our data in Fig. 2 show a prolifer-
ative defect in Brca2D27/D27 progenitor cells, thus explain-
ing the apparent contradiction between the reduced
number of CFCs observed in these animals and the
normal values of Lin�Sca1+ cells in their hematopoietic
tissues.

In addition to the subnormal hematopoiesis observed
in Brca2D27/D27 mice, several other parameters distinguish
this FA-D1 mouse model from other models of FA. In this
respect, the spontaneous chromosomal instability of
Brca2D27/D27 BM cells—not observed in Fanca�/� BM cells
(Fig. 3)—mimics the cellular behavior of FA-D1 patients
[23,26].

The response of the different FA cells to radiation is
also of interest. As has been previously observed, the FA-
D1 complementation group is the only one in which
Rad51 foci are not formed after DNA damage [27,32,33].
Since the COOH-terminal domain of Brca2 is highly
conserved and interacts with Rad51 [25,34], we inves-
tigated the generation of Rad51 foci in Brca2D27/D27

fibroblasts after irradiation. Consistent with data
obtained from human FA-D1 patients, irradiated cells
from Brca2D27/D27 mice did not generate Rad51 foci (Fig.
4A). Taking into account that Rad51 foci formation
represents an important step in the cellular response to
ionizing radiation [33] and that DSBs generated by
irradiation are repaired by a Brca2-dependent pathway
[20], we hypothesized that Brca2D27/D27 hematopoietic
progenitors would have an impaired response to IR.
Although hematopoietic progenitors from Brca2D27/D27

mice were not particularly sensitive to irradiation deliv-
ered in vitro (Fig. 4B), the hematopoietic syndrome
produced after in vivo irradiation of Brca2D27/D27 mice
was very severe (Fig. 4C). Significantly, this impaired
response to radiation has not been observed in Fanca�/�

mice [22]. The response of Brca2D27/D27 mice to radiation
also mimics the response observed in a high proportion
of human FA patients, who were highly sensitive to
radiation in vivo [35], even though the in vitro radio-
sensitivity of their cells was not markedly high [36].

Regarding the experiments in HSC functionality, the
CRA assays shown in Fig. 5 indicate that Brca2D27/D27 BM
grafts have a marked repopulation defect, compared to
BM samples from WT animals. Similar observations have
also been reported in Fancc�/� mice [6,30]. It is signifi-
cant, however, that in our experiments with Brca2D27/D27

mice, a progressive decrease in CRA was observed as the
posttransplantation time was increased; something
which is consistent with a progressive exhaustion in
the repopulating function of the HSCs.
MOLECULAR THERAPY Vol. 14, No. 4, October 2006
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In addition to a CRA defect after transplantation into
irradiated recipients, here we demonstrate a repopula-
tion defect in Brca2D27/D27 HSCs not disturbed from their
physiological environment. As shown in Fig. 6, when
2�107 WT BM cells were transplanted into nonirradi-
ated Brca2D27/D27 recipients, a progressive increase in the
reconstitution of WT donor cells was observed in three
of five transplanted Brca2D27/D27 mice. Taking into
account that 2�107 BM cells constitute about 7% of
the total mouse BM [37], and considering that only 7–
9% of transplanted HSCs can home to the hemato-
poietic tissues of a nonirradiated recipient [38], the
number of exogenous HSCs that may have homed in
our Brca2D27/D27 mice must represent about 0.6% of the
endogenous number of HSCs. Strikingly, at 6 months
posttransplantation, more than 40% of Brca2D27/D27

hematopoiesis was of WT donor origin (Fig. 6B). More-
over, when BM from these primary recipients was
transplanted into lethally irradiated WT mice, up to
70% of the PB cells from these secondary recipients
corresponded to the original WT donor (Fig. 6E), thus
confirming the proliferative defect of endogenous
Brca2D27/D27 HSCs. To our knowledge, this is the only
DNA repair disease model in which a proliferation
disadvantage of HSCs maintained under physiological
conditions has been reported. The proliferation advant-
age of WT HSCs that progressively repopulated the
hematopoietic tissues of unconditioned Brca2D27/D27

mice is reminiscent of the somatic mosaicism phenom-
enon observed in a number of genetic diseases, includ-
ing FA [39–41].

In addition to our observations on HSC dysfunction,
Brca2D27/D27 mice were characterized by a high incidence
of epithelial tumors [24], also consistent with the
phenotype of FA patients. Significantly, a marked predis-
position for developing epithelial cancers was also
observed in Fancd2�/� mice [42]. This observation,
together with other phenotypic similarities between
Brca2D27/D27 and Fancd2�/� mice, suggested that the C-
terminal of Brca2 functions in the same pathway as
Fancd2 [42]. Although the role of Fancd2 in the function-
ality of HSCs has not been described so far, marked
differences in the in vivo radiosensitivity of Brca2D27/D27

and Fancd2�/�mice are evident, suggesting at least partial
divergences in their biochemical pathways.

Taken together, although Brca2D27/D27 mice do not
develop aplastic anemia, the phenotype of these
animals reflects more closely the disease observed in
FA patients, compared to other FA mouse models so far
developed. We, therefore, consider that this model will
constitute an invaluable tool for the investigation of FA
and for the development of new therapeutic strategies
of inherited hematopoietic diseases, particularly for
those in which the transplantation of genetically
corrected cells into unconditioned recipients is consid-
ered a realistic option.
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Animals. Balb/C mice with a homozygous deletion in the COOH-terminal

of the Fancd1/Brca2 gene [24] and their WT corresponding littermates were

used throughout. Where indicated, Balb/C mice carrying a heterozygous

point mutation in the ferrochelatase gene [28] (Fech+/m1Pas mice) were also

used. In some experiments Fanca�/� mice [43] (129/FVB strain; kindly

provided by Fre Artwert, Free University Medical Center, Amsterdam, The

Netherlands) and Fancc�/� mice [5] (C57Bl strain; kindly provided by

Manuel Buchwald, Hospital for Sick Children, Toronto, ON, Canada) were

used. All experimental procedures were carried according to Spanish and

European regulations (Spanish RD 223/88 and OM 13-10-89 of the Ministry

of Agriculture, Food, and Fisheries, European Convention ETS-123).

Hematopoietic cells and in vitro culture assays. Cells from the BM,

spleen, and thymus were dispersed in Iscove’s modified Dulbecco’s

medium (IMDM; Gibco Laboratories, Grand Island, NY, USA) supple-

mented with 10% FBS (Sigma Chemicals, St. Louis, MO, USA). Blood

samples were obtained by tail vein excision and anticoagulated with EDTA

(10–20 mM final concentration). Hematological counts were performed in

a Technicom H1E (Bayer, Miles, Inc., Tarrytown, NY, USA) hematological

analyzer. For ex vivo expansion, BM cells were seeded at a final concen-

tration of 105 cells/ml in IMDM supplemented with 20% FBS, 2 mM l-

glutamine (GIBCO Cell Culture Systems), 50 U/ml penicillin–50 U/ml

streptomycin (GIBCO), hrIL-11 (100 ng/ml) and mrSCF (100 ng/ml) (both

from Chemicon International, Inc.), hrTPO (100 ng/ml) (Kirin Brewery

Co., Ltd., Tokyo, Japan), and ProGP (300 ng/ml) (progenipoietin; dual

hFlt3 and hG-CSF receptor agonist kindly provided by Monsanto Co., St.

Louis, MO, USA) and followed weekly for cell number and viability. At

weekly intervals, cells were diluted at the initial cell concentration. To

determine the number of CFCs, samples were plated in MethoCult GF

M3534 culture medium (StemCell Technologies, Vancouver, BC, Canada)

and cultured at 378C in 5% CO2 and fully humidified air. Colonies of at

least 50 cells were scored after 7 days of culture.

Flow cytometry. Hematopoietic cells were lysed in ammonium chloride

lysis solution to eliminate erythrocytes and stained with different

cocktails of monoclonal antibodies raised against mouse differentiation

markers, which include B220, Mac1, CD3, Gr1, Ter119, CD4, and CD8

(all of them from BD Pharmingen, Palo Alto, CA, USA). To identify

primitive progenitors (Lin�Sca-1+c-Kit+) in BM cells, samples were first

stained with a cocktail of biotinylated differentiation markers (Lin)

and then stained with Sca-1–FITC (Pharmingen), c-Kit–PE (Pharmin-

gen), and streptavidin-tricolor (Caltag, Burlingame, CA, USA). Samples

were analyzed in an EPICS XL flow cytometer (Coulter Electronics,

Hialeah, FL, USA). Dead cells were excluded with propidium iodide (2

Ag/ml).

Structural chromosomal abnormalities. Liquid cultures of BM cells were

left untreated or were treated with 30 nM MMC for a 48-h period. To

obtain metaphases, colcemid (0.1 Ag/ml; Gibco, Paisley, UK) was added 2

h prior to harvesting, and the cells were processed following standard

cytogenetic procedures. Briefly, cells were dropped onto clean slides and

air-dried overnight. Slides were stained with 10% Giemsa in phosphate

buffer, pH 6.8. At least 50 metaphases per sample were analyzed for

chromosome aberrations including gaps, chromosome and chromatid

breaks, acentric fragments, and chromosome- and chromatid-type

exchanges.

Sensitivity to MMC and ionizing radiation. To assess the susceptibility of

the BM progenitor cells to DNA crosslinking agents, BM cells were

cultured in MethoCult medium containing increasing concentrations of

MMC (Sigma). For assessing the radiation sensitivity of the progenitors,

BM cell suspensions were irradiated with an X-ray machine (Phillips,

Hamburg, Germany) at 300 kV, 10 mA, HVL 2.3 mm Cu, with a dose rate

of 1.034 Gy/min.

Analysis of Rad51 foci. Ear fibroblasts from WT and Brca2D27/D27 mice

were grown in two-chamber slides treated with 0.2% gelatin. Eight hours

after a 12-Gy irradiation, cells were washed with phosphate-buffered
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saline (PBS) and fixed with 3.7% paraformaldehyde for 15 min. Cells were

permeabilized with 0.5% Triton X-100 in PBS for 5 min. After blocking

with 10% bovine serum albumin, 0.1% NP-40 in PBS (blocking buffer) for

1 h, a mouse monoclonal antibody was used to detect Rad51 (1/200

dilution; Abcam, Cambridge, UK). After washing, the secondary antibody

(Alexa Fluor 488, 1/2000 dilution; Molecular Probes, Leiden, The Nether-

lands) was added. Cells were counterstained with 4V,6-diamidino-2-

phenylindole using Vectashield (Vector Laboratories) mounting medium

and analyzed under a fluorescence microscope (Zeiss Axioplan2) using a

100� objective (Zeiss). At least 200 nuclei were scored.

Bone marrow competition experiments. Competitive repopulation assays

were conducted essentially as previously described [44]. Briefly, BM cells

from WT or Brca2D27/D27 mice (always males) were mixed together with

the same number of BM cells from WT females. Aliquots of the chimeric

BM consisting of 107 cells were transplanted into Fech+/m1Pas female

recipients previously irradiated with a myeloablative regimen of X-rays

(two doses of 4.75 Gy spaced 4 h apart [45]). At various times after

transplantation, DNA from PB was extracted, and the proportion of cells

positive for the Y chromosome was determined by RT-qPCR. Endogenous

reconstitution was determined by the presence of the Fech mutation, as

described below.

Repopulation of unconditioned recipients with donor hematopoietic

stem cells. To assess the possibility of engrafting unconditioned

Brca2D27/D27 mice with donor WT BM cells, WT or Brca2D27/D27 female

recipients were transplanted with 2�106 or 2�107 BM cells from WT

male mice. Thereafter, the presence of donor cells was determined by RT-

qPCR and in situ hybridization (see Fig. 6A). A subsequent transplantation

of 106 BMCs from primary unconditioned recipients into irradiated

secondary Fech+/m1Pas recipients was done, to confirm the proliferation

advantage of exogenous WT HSCs over the endogenous Brca2D27/D27 HSCs.

Analyses of chimerism. Quantification of chimerism was accomplished

by using a RT-qPCR approach using a Rotor Gene RG-3000 (Corbett

Research Products, Foxboro, MA, USA). Genomic DNA was extracted

using a DNAeasy Tissue Kit (Qiagen) according to the manufacturer’s

instructions. Primers for the male-specific sequence were SRY-F, 5V-

TGTTCAGCCCTACAGCCACA-3V, and SRY-R, 5V-CCTCTCACCACGG-

GACCAC-3V, and detected with the TaqMan probe SRY-T, 5V-FAM–

ACAATTGTCTAGAGAGCATGGAGGGCCA–BHQ1-3V. Amplification of

murine genomic h-actin sequence was achieved using the primers h-

actin-MF, 5V-ACGGCCAGGTCATCACTATTG-3V, and h-actin-MR, 5V-

ACTATGGCCTCAAGGAGTTTTGTCA-3V, and detected with the TaqMan

probe h-actin-T, 5V-TR–AACGAGCGGTTCCGATGCCCT–BHQ2-3V.

Amplification was carried out in a multiplex reaction using TaqMan

Universal Mastermix, NoAmpErase UNG (Applied Biosystems Roche, NJ,

USA). The thermal profile was one hold of 10 min at 958C and 55 cycles of

20 s at 958C, 30 s at 588C.

The contribution of endogenous hematopoiesis was similarly ana-

lyzed by RT-qPCR quantifying the mutated DNA sequence of the

ferrochelatase gene from receptor mice. DNA samples from transplanted

mice were digested overnight with PagI (Fermentas) restriction endonu-

clease to avoid nonspecific amplification of the wild-type ferrochelatase

gene. The primers for the ferrochelatase mutated specific sequence were as

follows: FechM-F, 5V-CGCACCCCACACACGAC-3V, and FechM-R, 5V-

CGCACCCCACACACGAC-3V. The TaqMan probe was Fech-T, 5V-Cy5–

CTTCCCATTCAAAAGTAAGTTATGCTGTGTGGAG–BHQ2-3V. The ampli-

fication reactions were carried out under the conditions already described.

The thermal profile was one hold of 10 min at 958C and 45 cycles of 20 s

at 958C, 30 s at 608C. Findings from RT-qPCR assays were supported using

fluorescence in situ Y hybridization in cytospin preparations of bone

marrow samples from transplanted mice. The samples were fixed in

methanol:acetic acid (3:1) for 30 min at �208C and dehydrated by serial

ethanol washing. Hybridization and detection were carried out according

to the STAR FISH hybridization manufacturer’s protocol (Cambio Ltd.,

Cambridge, UK).

Statistical analysis. Data are represented as means F standard error of the

mean. The significance of differences was determined by the nonpara-
534
metric Wilcoxon Mann–Whitney W test, and multiple comparisons were

determined by the F test ANOVA using Statgraphics Plus 5.0 software

package (Manugistics, Inc., Rockville, MD, USA). Fitting of the radiation

sensitivity curves was performed with the Origin 7.0 (Northampton, MA,

USA) software package.
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