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The ability to detect and repair DNA damage is crucial to the prevention of various diseases. Loss of function
of genes involved in these processes is known to result in significant developmental defects and/or predispo-
sition to cancer. One such DNA repair mechanism, homologous recombination, has the capacity to repair a
wide variety of lesions. Knockout mouse models of genes thought to be involved in DNA repair processes are
frequently lethal, making in vivo studies very difficult, if not impossible. Therefore, we set out to develop an in
vivo conditional mouse model system to facilitate investigations into the involvement of essential genes in
homologous recombination. To test our model, we measured the frequency of spontaneous homologous re-
combination using the pink-eyed unstable mouse model, in which we conditionally excised either Blm or
full-length Brca1 (breast cancer 1, early onset). These two genes are hypothesized to have opposing roles in
homologous recombination. In summary, our in vivo data supports in vitro studies suggesting that BLM
suppresses homologous recombination, while full-length BRCA1 promotes this process.

The necessity to replicate and repair the genome accurately
has driven the evolution of a battery of DNA damage re-
sponses and repair mechanisms. For example, endogenous ox-
idative stress, a source of spontaneous DNA damage, has been
estimated to result in approximately 10,000 oxidatively dam-
aged DNA sites per cell per day (2). In addition to oxidative
damage, errors in mammalian DNA replication are estimated
to account for approximately 10 double-strand breaks (DSBs)
per cell cycle (42). Furthermore, exogenous exposures can
have an even greater effect on DNA integrity. If not repaired,
DNA lesions can result in genomic instability, with the poten-
tial consequence of malignant transformation and/or apopto-
sis. The clearest example of this effect is observed in patients
deficient in the ability to recognize, respond to, or repair DNA
damage. Such persons have increased sensitivity to exogenous
damages and an elevated incidence of cancer (18). It is now
understood that homologous recombination (HR), one
method of DNA repair encompassing both the high-fidelity
homology-directed repair (HDR) and error-prone single-
strand annealing (SSA), is often associated with DNA replica-
tion and is capable of repairing a wide variety of DNA lesions
(9, 45). It is interesting to note that the typical rate of HR, 10�5

to 10�6 events per base pair per generation (46), is comparable
to that of mutations per base pair per generation (10�4 to
10�6) (63). Therefore, measuring the spontaneous occurrence

of HR events in vivo in response to endogenous DNA damages
in the context of various genomic integrity deficiencies pro-
vides a relevant and valuable tool for understanding disease
etiology.

Several genes are suspected or known to be involved in
maintaining genomic stability. Considering the fundamental
requirement for maintaining genomic integrity, it is not sur-
prising that many of the genes involved in DNA damage rec-
ognition, response, and repair are essential. In vivo examina-
tion of such genes in mouse is often restricted by their absolute
requirement during development. The use of a Cre/loxP system
allows the conditional deletion of genes of interest (including
essential genes) in tissues of interest by expressing the Cre
recombinase enzyme under a tissue-specific promoter, and this
strategy has been used successfully in a wide variety of in vivo
investigations (71). Here we have combined a Cre transgene,
Trp1-Cre, which is specifically expressed during the develop-
ment of the retinal pigment epithelium (RPE) of the eye (55),
with the established pink-eyed unstable (pun) mouse model.
The RPE of the pun mouse model can be used to assess the
frequency of HR events in vivo (6, 8).

The basis of the pun model is an internal, tandem duplication
of 70 kb, encompassing exons 6 to 18 of the murine pigmen-
tation gene known as Oca2 or p (14, 60). This duplication
renders the p gene nonfunctional in a recessive fashion and is
phenotypically observed as a hypopigmented mouse with pink
eyes (the cells of the RPE are transparent) and dilute coat
color (13, 14). The spontaneous deletion of exactly one copy of
the pun duplication produces a revertant (or functional) p gene
and can be observed as a pigmented spot on the RPE or fur.
Such a perfect deletion event is most likely the product of an
HR mechanism (14, 40), though it could potentially be the
product of DNA polymerase template switching. Using a sub-
strate similar to that used in the pun assay (i.e., a duplication/
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deletion assay), studies with a yeast model suggest that differ-
ent types of HR can be responsible for deletion-mediated
repair. Such HR mechanisms include HDR events dependent
upon RAD51 (e.g., intrachromatid exchanges) and SSA (37).
Despite the fact that the initiating lesions leading to sponta-
neous pun reversion are unknown and despite the limitations of
the system with regard to tissue specificity and timing (during
embryonic development), the pun mouse model has proven to
be a sensitive assay to measure somatic HR events, either
spontaneously for different genetic backgrounds or following a
wide variety of differently acting DNA damaging agents (9).
Considering that the pun assay is not restricted to clastogenic
induction and that exogenous exposure induces events in lo-
cations that correlate with the cellular pattern of replication
during development (7), it is reasonable to assume that pun

deletion events can be initiated in response to DNA replication
fork arrest. Here we test our conditional pun model by mea-
suring the effect on spontaneous HR frequency following the
conditional deletion of either Blm or full-length Brca1 (breast
cancer 1, early onset), two genes with opposing roles in HR
(25, 58).

BRCA1 was the first identified hereditary breast cancer-
associated gene (28, 53). Mutations in BRCA1 are associated
with a greatly increased incidence (as high as 87% for some
mutations) of breast and ovarian cancers among women (16,
30, 35, 75). The mechanism of BRCA1 in tumor suppression
appears to be through its involvement in maintaining genomic
stability, particularly DNA double-strand break repair via HR.
In fact, BRCA1 colocalizes and interacts with the HR protein
RAD51 (64). More directly, it has been shown that mouse
embryonic stem cells lacking full-length Brca1 (Brca1�11/�11)
are defective at gene targeting and HR repair (both HDR and
SSA) via the I-SceI assay (56, 57, 67).

BRCA1�11 is a naturally occurring, highly conserved splice
variant missing exon 11 (74). Exon 11 codes for about 60% of
the BRCA1 protein, including key phosphorylation sites (27,
79), both of the nuclear localization sequences (68), and all or
part of the protein-protein interaction domains for the HR
proteins RAD51 (64), the MRE11/RAD50/NBS1 complex
(81), and BRCA2 (80). Mice with a mammary-specific deletion
of exon 11 (i.e., �11/�11 in mammary tissue only) develop
mammary tumors that characteristically display genomic insta-
bility, such as chromosomal rearrangements (78).

Blm, the gene responsible for the rare autosomal disorder
Bloom syndrome (BS) (32), is one of 5 human RecQ helicase
family members (44). BS is an autosomal recessive disorder
that clinically presents as growth retardation, immunodefi-
ciency, facial and cranial abnormalities, reduced fertility, and
increased cancer predisposition (39). The cancer phenotype
observed in BS is unique in that it recapitulates the various
malignancies observed in the general population (31, 38). The
high incidence of cancer is believed to be caused by increased
chromosomal instability, as exemplified by an approximate 10-
fold increase in sister chromatid exchanges (SCEs) (19). An
SCE indicates a DNA crossover event between two sister chro-
matids that is likely the result of HR (66). Due to the increase
in SCEs in BS cells, BLM was initially hypothesized to be an
antirecombinagenic protein, suppressing the frequency of
spontaneous HR. More recently it has been proposed that
BLM has both pro- and antirecombinogenic functions (25).

Constitutive, homozygous deletion of either BLM or
BRCA1 results in embryonic lethality, limiting in vivo experi-
mentation (11, 24). In establishing our conditional pun model,
we first demonstrated that Cre recombinase has no effect on
spontaneous HR frequency, as measured by pun reversion
events. Second, we found that conditional heterozygosity for
either Blm or full-length Brca1 does not result in an HR phe-
notype due to haploinsufficiency. Finally, we show that the loss
of Blm results in a hyperrecombination phenotype, whereas
the loss of full-length Brca1 results in a hyporecombination
phenotype. To our knowledge, this is the first bona fide in vivo
mammalian study that shows BLM suppresses and BRCA1
promotes spontaneous HR frequency.

MATERIALS AND METHODS

Mouse lines and PCR genotyping. C57BL/6J and C57BL/6J pun/un mice were
obtained from the Jackson Laboratory (Bar Harbor, ME). Mice carrying a
targeted null allele of Blmtm2Ches (here referred to as Blm�) (24) or a floxed
allele of Blmtm4Ches (here referred to as Blmco) (23) were obtained from P.
Leder. When acted upon by Cre, the Blm floxed allele becomes effectively null.
Mice carrying a targeted null allele of Brca1tm1Cxd (here referred to as Brca1�)
(65) or a floxed allele of Brca1tm2Cxd (here referred to as Brca1co) (78) were
obtained from the MMHCC mouse repository (Frederick, MD). When acted
upon by Cre, the Brca1 floxed allele produces the �11 splice variant. RC::PFwe
mice (34) carry a targeted reporter construct knocked into the Gt(ROSA)26Sor
locus and were obtained from S. Dymecki. Lastly, mice carrying the transgenic
Trp1-Cre expression construct (55) were obtained from P. Chambon.

All mouse lines were backcrossed five times to C57BL/6J mice, followed by
two additional crosses to C57BL/6J pun/un mice. Blm and p do not segregate
independently because they are 14 centimorgans apart on chromosome 7. There-
fore, mice carrying either of the Blm alleles of interest required additional
backcrosses to pun/un. With these congenic C57BL/6J mice, the following breed-
ing cohorts were established: (i) Blm�/� Trp1-Cretg/tg pun/un (Blm constitutive),
(ii) Blmco/co RC::PFweki/ki pun/un (Blm conditional), (iii) Brca1�/� Trp1-Cretg/tg

pun/un (Brca1 constitutive), and (iv) Brca1co/co RC::PFweki/ki pun/un (Brca1 condi-
tional). Conditional heterozygous control (co/�) and experimental (co/�) off-
spring result from crossing the respective constitutive and conditional cohorts
together. All offspring also carry Trp1-Cre and RC::PFwe and are homozygous for
the pun allele (Fig. 1). All animal studies were conducted in accordance with
university and institute IACUC policies, as outlined in protocol 05054-34-01-A.

The pun/un genotype was identified by the phenotypic dilute coat color. All
other genotypes were determined by PCR amplification using standard protocols

FIG. 1. Two-cohort breeding strategy used for each gene of interest
(G.O.I.). Mice in the constitutive cohorts were heterozygous for a
targeted null mutation (neo disrupted) of the G.O.I. and were homozy-
gous for the Trp1-Cre transgene. Mice in the conditional cohorts were
homozygous both for a targeted floxed (or conditional) allele of the
G.O.I. (usually loxP sites flanking one or more exons of the G.O.I.
[exon “x”]) and for the RC::PFwe �-galactosidase reporter. Noted are
nuclear localized �-galactosidase (nLacZ), loxP sites (black penta-
gons), and transcription (arrows above the schematics).
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as previously described (23, 24, 34, 55, 78), with the exception of Trp1-Cre. To
distinguish Trp1-Cre hemizygosity from homozygosity, we performed quantita-
tive PCR with the following primers: forward (5�-TTGCCGGTCAGAAAAA
ATG) and reverse (5�-TCCAGGGCGCGAGTTG). One nanogram of DNA was
used in the SYBR green PCR master mix reaction (Applied Biosystems, Foster
City, CA), according to the manufacturer’s instructions, and the cycling profile
used was as follows: 1 cycle of 94°C for 5 min and 30 cycles of 94°C for 30 s, 60°C
for 34 s, and 72°C for 34 s.

Dissection and staining of the retinal pigment epithelium. Harvesting and
dissection of the RPE were carried out as previously described (7), with the
following additions: after fixation, eyes were rinsed 3 times (for 10 min each) in
phosphate-buffered saline (PBS) and stained for �-galactosidase activity in stain-
ing buffer (49) overnight at room temperature with gentle agitation. Destaining
of eyes occurred through a series of 3 washes in PBS, with gentle agitation at
room temperature for 30 min, 2 h, and overnight, respectively.

Visualizing and scoring reversion events on the retinal pigment epithelium.
RPE whole mounts were visualized and imaged using a Zeiss Lumar version 12
stereomicroscope, Zeiss AxioVision MRm camera, and Zeiss AxioVision 4.6
software (Thornwood, NY). For each RPE, the percentage of nuclei with blue
stain was used to assess �-galactosidase activity. The total number of eye spots
and the number of cells making up that eye spot were recorded according to the
criteria set forth by Bishop et al. (7).

Deletion PCR. To quantify Cre activity, we PCR amplified an excision product
for the Blm and reporter alleles. The primers for the Blm allele were previously
described (3). For the reporter allele we used the following primers: forward
(5�-GGTTGAGGACAAACTCTTCGC) and reverse (5�-TCACCGGTGGGTG
AAAAG). For both reactions, 50 nanograms of DNA isolated from paraform-
aldehyde-fixed RPEs using the DNeasy blood and tissue kit (Qiagen, Valencia,
CA) was used, according to the manufacturer’s instructions, and the cycling
profile used was as follows: 1 cycle of 94°C for 5 min; 30 cycles of 94°C for 30 s,
60°C for 30 s, and 72°C for 1 min; and 1 cycle of 72°C for 3 min. Imaged PCR
products were quantified using ImageJ software.

Statistical analysis. All statistics were carried using GraphPad Prism (La Jolla,
CA). These include tests for normality (Shapiro-Wilk test), equal variances (Fmax

test), 2-group comparison (Mann-Whitney test, nonparametric t test), multiple
group comparison (Kruskal-Wallis test, nonparametric one-way analysis of vari-
ance) with multiple comparisons post hoc (Dunn’s test), contingency test (Fisher
exact test), and tests of correlation (Spearman).

RESULTS

Trp1-Cre is active in the RPE but does not alter the fre-
quency of pun HR. The pun reversion model is a pigmentation-
based assay. Following an HR event at the pun mutation, brown

melanosomes pack the cytoplasm, leaving a “clear” nucleus
(Fig. 2). �-Galactosidase reporter constructs that are actively
expressed only following Cre excision of a loxP-Stop-loxP cas-
sette are often used to identify cells in which Cre has been
active (12). Considering that the pun reversion assay involves
cytoplasmic location of melanin in RPEs, we utilized the
RC::PFwe reporter mouse, which contains a Cre-activated nu-
clear localized �-galactosidase reporter (34). Thus, a cell with
brown-pigmented cytoplasm and a blue nucleus is the result of
a pun HR event in which Cre has been active (Fig. 2). Using a
group of control mice that carry both the Trp1-Cre transgene
and the �-galactosidase reporter construct (Trp1-Cretg/o

RC::PFweki/wt pun/un), we determined the relative proportion of
blue staining on each RPE (data not shown). Our results dem-
onstrate that Trp1-Cre activity is present, though the extent of
activity varies for each RPE. Of note, we never observe RPEs
with 100% of nuclei stained blue (Fig. 2). This finding points to
the importance of using a Cre activity reporter in our condi-
tional pun reversion assay.

The RPE consists of a monolayer of approximately 55,000
cells (10). Earlier studies using the pun assay report an average
of �5 to 6 eye spots per wild-type RPE (8, 10). In more recent
studies, our laboratory reported a similar frequency of eye spot
events in wild-type samples (17, 26). Considering that Trp1-Cre
is expressed in the RPE and acts to recombine the genome at
loxP sites, we questioned whether its expression affects spon-
taneous pun reversion frequency. Using the Trp1-Cre control
mice (Trp1-Cretg/o RC::PFweki/wt pun/un), we verified that the
frequency of eye spots was not significantly different from that
of wild-type pun/un controls using the traditional pun frequency
assay (Table 1; see also Fig. S1 in the supplemental material).
Furthermore, the lack of difference we observed was regardless
of our criteria for identifying eye spots (e.g., all eye spots, eye
spots with blue nuclei, and eye spots with blue nuclei from
RPEs exhibiting �80% blue staining [i.e., RPEs which display
a high level of Cre activity]). Additionally, we found no signif-
icant correlation between the percentage of blue staining and

FIG. 2. Trp1-Cre control-stained RPE. The blue stain on the RPE indicates Cre activity in the nuclei of individual cells. The black ovals on the
RPE outline areas of the RPE where Cre was not active, as indicated by lack of staining. The inset (outlined in red) depicts an HR event (brown
melanin in cytoplasm) in which Cre has acted on the reporter allele (blue nucleus) (a) and an HR event (brown melanin in cytoplasm) in which
Cre has not acted on the reporter allele (clear nuclei) (b).
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the number of eye spots per RPE (see Fig. S2 in the supple-
mental material). We therefore conclude that Trp1-Cre expres-
sion is active in the RPE and that its activity has no effect on
the spontaneous frequency of HR events in the RPE, as mea-
sured by the pun reversion assay.

Neither Blm nor Brca1 conditional heterozygosity results in
an altered HR frequency phenotype. Our experimental design
involved crossing two groups of animals, a constitutive cohort
and a conditional cohort, for each gene of interest (Fig. 1). The
resulting offspring were either conditionally heterozygous
(Blmco/� or Brca1co/�; heterozygous control group) or condi-
tionally null (Blmco/� or Brca1co/�; experimental group). How-
ever, this design assumes that the conditional heterozygous
genotype is equivalent to that of the wild type. We therefore
examined whether the conditionally heterozygous loss of either
Blm or full-length Brca1 alters pun reversion frequency. No
significant difference in pun reversion frequency was detected
between either of the conditional heterozygous control groups
compared to our Trp1-Cre control group (Fig. 3; Table 1). This
result suggests that neither Blm nor Brca1 conditional
heterozygosity leads to an HR haploinsufficiency phenotype.

Conditional loss of Blm or full-length Brca1 leads to an
altered frequency of HR in vivo. After demonstrating that the
conditional heterozygous groups have frequencies of pun re-
version equivalent to that of the wild type, we went on to
examine the consequence of conditional loss of Blm or condi-
tional loss of full-length Brca1. We directly compared the total
frequencies of eye spots between the control genotypes and the
conditional experimental genotypes. The conditional loss of
Blm resulted in a significant increase in pun reversion events
(P � 0.0001; Kruskal-Wallis test). In contrast, conditional loss
of full-length Brca1 resulted in a significant decrease in pun

reversion events (P � 0.0001; Kruskal-Wallis test) (Table 1;

see also Fig. S4A and B in the supplemental material). This
clearly demonstrates that the conditional pun assay system is
able to observe both increases and decreases in HR frequency.

However, we wanted to explore how well the Cre reporter
activity correlated with these gross changes in pun reversion
frequency. By examining the percentage of RPEs with �-ga-
lactosidase activity to pun reversion frequency, we detected a
significant positive correlation between increased blue stain
and an increased number of eye spots per RPE in Blmco/�

samples (Spearman r � 0.6667; P � 0.0001) (Fig. 4A). Con-
sidering the known requirement for BRCA1 in HR, it is not
surprising that we also observed the result with the Brca1co/�

RPE that was opposite of that seen with the Blmco/� RPE, a
significant positive correlation between increased blue stain
and a decreased number of eye spots per RPE (Spearman r �
�0.388, P � 0.0375) (Fig. 4B). Despite this strong phenotypic
correlation between the �-galactosidase Cre reporter activity
and the expected HR phenotype, we wanted to further validate
these results with a molecular analysis. We therefore examined
the level of Cre excision of both the reporter construct and the
Blm floxed allele by PCR amplification using DNA isolated
from a fixed RPE monolayer isolated from a Blmco/� RPE that
displayed differing amounts of blue stain (see Fig. S3A in the
supplemental material). Quantification of these products
showed that excisions of both floxed alleles by Cre are equiv-
alent (Fig. S3B). Taken together, these results indicate that the
�-galactosidase Cre reporter construct is indeed a good indi-
cator of Cre activity on the gene of interest. Therefore, by only
considering eye spots with blue nuclei (in which Cre has acted
on the gene of interest), a more accurate assessment of HR in
these models can be achieved. Doing so results in an outcome
similar to the one seen previously: a significant increase in HR
in the Blm experimental group (P � 0.0001; Kruskal-Wallis
test) and a significant decrease in HR in the Brca1 experimen-
tal group (P � 0.0001; Kruskal-Wallis test) (Table 1; see Fig.
S4A and B in the supplemental material).

In pursuing the above logic, it would seem reasonable to use
the �-galactosidase reporter activity to indicate those RPEs
which best represent the conditional genotype of interest. Sim-
ilar to the conditional controls, neither of the experimental
groups displayed 100% staining. However, the variation in

FIG. 3. Haploinsufficiency of either Blm or full-length Brca1 does
not alter HR frequency. Eye spots with blue nuclei from RPEs exhib-
iting �80% blue staining (Cre activity) were analyzed for HR fre-
quency. No significant difference (P � 0.371; Kruskal-Wallis test) was
detected when either Blm or Brca1 conditional heterozygotes were
compared to controls. Data are represented as Tukey box and whisker
plots.

TABLE 1. Summary of RPEs examined and pun reversion
frequency by genotype

Genotype (criterion for eye spot
identification)a

No. of
RPEs

Total no. of
eye spots

Avg no. of
eye spots
per RPE

Wild-type pun/un 40 245 6.1
Trp1-Cre control (all) 32 165 5.2
Trp1-Cre control (only blue) 31 149 4.8
Trp1-Cre control (blue, �80% stain) 29 140 4.8
CC control (all) 74 387 5.2
CC control (only blue) 72 345 4.8
CC control (blue, �80% stain) 62 307 5.0
Blmco/� (all) 14 90 6.4
Blmco/� (only blue) 14 72 5.1
Blmco/� (blue, �80% stain) 9 51 5.7
Blmco/� (all) 36 621 17.3
Blmco/� (only blue) 35 546 15.6
Blmco/� (blue, �80% stain) 21 380 18.1
Brca1co/� (all) 28 132 4.7
Brca1co/� (only blue) 27 124 4.6
Brca1co/� (blue, �80% stain) 24 116 4.8
Brca1co/� (all) 30 82 2.7
Brca1co/� (only blue) 29 57 2.0
Brca1co/� (blue, �80% stain) 20 33 1.7

a All, all eye spots; only blue, eye spots with blue nuclei (Cre activity); blue,
�80% stain, eye spots with blue nuclei from RPEs with �80% blue staining (Cre
activity). The combined conditional (CC) control is the combination of the
Trp1-Cre control with Blm and Brca1 conditional heterozygote samples.
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staining was significantly different from the control group but
not each other (data not shown). To mitigate this difference,
we reanalyzed our data, using only those RPEs with �80%
staining. This analysis confirmed our previous results regarding
eye spot frequency, revealing an increase in HR in the Blm
experimental group (P � 0.0001; Mann-Whitney test) and a
decrease in HR in the Brca1 experimental group (P � 0.0001,
Mann-Whitney test) (Fig. 5A and B; Table 1). In summary, our
results demonstrate that BLM suppresses and BRCA1 pro-
motes spontaneous HR in vivo.

Conditional loss of Blm and full-length Brca1 affects repli-
cation-tied HR in vivo. The pun eye spot assay provides a direct
indication of the HR frequency that occurred in the developing
mouse RPE. However, additional insights can be gained by
examining the timing and pattern of these events observed
within the RPE. For example, it is possible to distinguish be-
tween single- and multicell eye spots (Fig. 2) as well as when
these events took place during development (see below). In a
Parp1 null background, we recently observed a significant in-
crease in pun reversion events, particularly multicell events
(26). In the Parp1 study, we suggested that the increase in

multicell eye spots represents single-stranded DNA breaks that
were repaired by HR in a DNA replication-dependent manner,
which supports current models.

Similar to the Parp1 null background, the hyperrecombina-
tion observed in Blmco/� RPEs is due to the significant increase
in the number of multicell events compared to that in the
control (P � 0.0043; Fisher exact test) (Fig. 6A). Conversely,
the hyporecombination in Brca1co/� RPEs is due to the signif-
icant decrease in the number of multicell events compared to
that in the control (P � 0.0076; Fisher exact test) (Fig. 6B)
These results suggest that BLM acts to suppress the frequency
of spontaneous HR events that are associated with DNA rep-
lication, while full-length BRCA1 is necessary for these same
events. Interestingly, our results also indicate that there is a
subset of proliferation-independent pun reversion events that
are not dependent upon the presence of full-length Brca1.

Blm suppresses spontaneous HR during early mouse em-
bryonic development. The RPE begins to form in the develop-
ing eye cup around embryonic day 8.5 (E8.5) and continues on
through the first week of postnatal life (33, 59). This develop-
ment has been described as “radially outward from the optic
nerve with an edge-biased pattern that has a churning motion”
(10). Therefore, we can retrospectively define when these re-
version events occur, similar to using the concentric circles for

FIG. 4. Conditional loss of null alleles correlates with changes in
HR frequency. (A) The conditional loss of Blm, as measured by the
percentage of blue-stained RPEs (Cre activity), positively correlates
with an increase in HR frequency (eye spots) (Spearman r � 0.6667;
P � 0.0001). (B) The conditional loss of full-length Brca1, as measured
by the percentage of blue-stained RPEs (Cre activity), positively cor-
relates with a decrease in HR frequency (eye spots) (Spearman r �
�0.388; P � 0.0375). (A, B) The dotted gray line emphasizes the
average frequency of HR events per RPE (�5).

FIG. 5. Loss of Blm or full-length Brca1 results in an increase or
decrease in HR frequency, respectively. (A, B) Eye spots with blue
nuclei from RPEs exhibiting �80% blue staining (Cre activity) were
analyzed for HR frequency. Conditional loss of Blm results in a sig-
nificant increase (P � 0.0001; Mann-Whitney test) of HR (A), and
conditional loss of full-length Brca1 results in a significant decrease
(P � 0.0001; Mann-Whitney test) of HR compared to that of the
combined conditional (CC) control (B) (see the text for details). Data
are represented as Tukey box and whisker plots.
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aging trees (7, 17, 26). As such, pun reversion events that occur
close to the optic nerve must have arisen earlier in develop-
ment than more distal events, which must have occurred later.
In order to test whether or not the increase of multicell rever-
sion events observed in the absence of BLM was restricted to
a specific time during development, we first compared the
relative positions of these multicell events between control and
Blmco/� samples and found the distributions to be significantly
different (data not shown). Examination of the distribution of
locations of the multicell HR events revealed a significant
increase in the Blmco/� samples compared to that in the con-
trol for the regions encompassing 0.21 to 0.4 (P � 0.015; Fisher
exact test) (Fig. 7). This result suggests that BLM has its
greatest effect on suppression of HR during early develop-
ment, very reminiscent of our observations with PARP1.

DISCUSSION

The appropriate recognition and repair of DNA damage is
imperative for maintaining genomic stability. In fact, many
DNA damage response or repair genes are essential or their
mutation results in inherited diseases that often lead to malig-

nant transformation (18). Therefore, understanding the role of
such genes in vivo constitutes the basic knowledge of crucial
cellular processes and is key to identifying novel means to treat
a variety of diseases, including cancer. HR is one such process
that has the capacity to accurately repair a variety of DNA
lesions that arise from endogenous and exogenous insults (9,
45). Thus, we set out to develop an in vivo conditional system
to investigate the involvement of essential genes in HR.

Due to the embryonic lethality observed as a result of the
constitutive knockout of BLM (24) or BRCA1 (11) in mouse,
elucidating the in vivo function of these genes during normal
somatic proliferation has proven difficult. Studies prior to ours
have utilized in vitro and biochemical approaches, as well as
model organisms other than the mouse, to understand the role
of BLM and BRCA1 in HR. Plasmid-based recombination
assays have shown that BRCA1 promotes HR (56, 57, 67) and
that BLM suppresses HR (73). BRCA1 and BLM have also
been shown to interact with RAD51 following DNA damage as
well as during DNA replication (5, 20, 47, 64, 76) (discussed
below). Using synthetic DNA structures, BLM was found to
preferentially act on DNA structures (e.g., 4-way synthetic
Holliday junctions) (45), which gave way to the finding that
BLM has a major role in preventing crossovers by dissolution
of a double Holliday junction (DHJ) structure (54) (Fig. 8F).
In addition to the helicase activity, BLM also has a strand
annealing capability (22, 50). The latter activity of BLM can
facilitate regression of a stalled replication fork or template
switching by annealing the nascent strands (leading and lag-
ging) at the replication fork, thereby giving rise to the “chicken
foot” structure (Fig. 8A) (61). It has also been shown that
BLM helicase activity can promote Holliday junction branch
migration, and if this is in the direction of the stalled fork, it
will restore the replication fork (Fig. 8C and D) (48, 51, 61).
Furthermore, the Drosophila ortholog of BLM (DmBlm) was
found to suppress crossovers by also promoting synthesis-de-

FIG. 6. Loss of Blm or full-length Brca1 effects replication-tied HR
events. (A and B) Eye spots with blue nuclei from RPEs exhibiting
�80% blue staining (Cre activity) were analyzed for the occurrence of
single-cell versus multicell HR events. Loss of Blm leads to a signifi-
cant increase (P � 0.0043; Fisher exact test) in the percentage of
multicell HR events compared to that of the CC (combined condi-
tional) control (A), and the absence of full-length Brca1 leads to a
significant decrease (P � 0.0076; Fisher exact test) (B). Data are
represented as the percentages of single-cell HR events (open bars)
and multicell HR events (gray bars) for each genotype.

FIG. 7. Loss of Blm increases HR frequency early during mouse
embryonic development. Multicell events from RPEs with �80% blue
staining (Cre activity) were analyzed for the positional effect of HR
frequency. A position of 0 is equivalent to the optic nerve, compared
to a position of 1.0, which is equivalent to the outer edge of the RPE.
A significant increase of multicell HR events (P � 0.015; Fisher exact
test) was detected in the region of the developing RPE, corresponding
to the interval 0.21 to 0.40 of Blm null mice compared to the CC
(combined conditional) control. Data are represented as fold changes
of Blm null HR over CC control HR.
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FIG. 8. Model for DNA replication restart in the context of a repeated DNA segment such as pun in either a BLM-dependent or -independent
manner. Presented is the occurrence of DNA damage that blocks lagging-strand DNA replication at the first repeat of DNA duplication, though
similar models can be drawn for damage in the second repeated DNA element or that affect leading-strand synthesis. Complementary parental
DNA strands (dark red and blue) and their nascently replicated leading and lagging strands (light blue and light red, respectively) are shown. DNA
replication is indicated by a half arrowhead, DNA damage as a purple circle, and the repeated DNA elements by outlined black arrows.
(A) Following damage-induced stalling of the replication fork, regression can occur (or template switching) by annealing the nascent strands to
form a “chicken foot” structure possibly mediated by BLM (in parentheses, as other proteins such as Werner helicase can promote this activity).
Using the nascent leading strand as a template, the lagging strand can now be extended beyond the DNA lesion found on the blue parental DNA
strand. (B) Topological rearrangement. The “chicken foot” structure is topologically the same as a Holliday junction (HJ). (C, D) HJ branch
migration (C), which can be mediated by BLM helicase, among others, can reverse the regressed fork, allowing replication restart (D). Of note,
this mechanism would inhibit repeat duplication deletion, would not involve sister chromatid exchange, and would be limited by the amount of
leading strand template available to bypass the lesion present on the parental strand. (E) Alternatively, the annealed nascent strands at the
regressed replication fork would have a 3�-end overhanging tail that can be used for RAD51-dependent strand invasion promoted by BRCA1,
resulting in strand displacement (a “D-loop”) and, consequently, the production of two additional HJs once the D-loop is captured by the nascent
lagging strand. If the 3�-end tail is complementary to the repeated DNA element, then there is the chance that it can invade into the “correct
repeat” or the “incorrect repeat.” (F) Irrespective of which repeat is invaded, BLM can dissolve a double HJ (DHJ) by migrating two HJs toward
each other. Depending on which DHJ is dissolved, either a regressed replication fork is reformed that can be resolved by HJ branch migration or
the replication fork is restored, without any possibility of either chromatid exchanges or repeat deletions in either case. (G) An alterative means
to dissolve a DHJ is by resolution. The orientation of HJ resolution (cutting red HJ/red HJ or blue HJ/blue HJ versus cutting red HJ/blue HJ)
will dictate whether or not resolution results in strand exchange. Irrespective of the resolution orientation, invasion of the 3�-end tail into the
“correct” or “incorrect” repeat will dictate the possibility of repeat deletion (e.g., pun reversion, in the case of our assay).
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pendent strand annealing, another subtype of HDR that occurs
following DSBs (1, 43, 52).

Here we were able to take advantage of conditional knock-
out mouse models of Blm and full-length Brca1 to determine
the consequence of removing either gene on HR using the
established pun mouse model. Mice lacking Blm displayed an
increased frequency of HR (Fig. 5A), while mice lacking full-
length Brca1 displayed a decreased frequency of HR (Fig. 5B).

Our conditional pun assay capitalizes on the tissue-specific
activity of Cre recombinase to cleave and recombine DNA at
a specific sequence. Bioinformatic analysis of the mouse ge-
nome has revealed that pseudo-loxP sites exist in the mouse
genome and support Cre activity (69). First we validated that
Cre activity did not effect RPE development or spontaneous
HR frequency. An interesting observation is that irrespective
of genotype, we never obtained any RPE that appeared to have
100% blue staining (denoting Cre activity). This is of particular
importance regarding the conditional loss of our genes of in-
terest. Mouse ocular development has been detected as early
as E8.0 (36), and Trp1, the promoter driving Cre expression in
our system, is known to be expressed as early as E11.0 of
mouse development (62). Therefore, it is plausible that some
selective advantage for clear cells (i.e., cells that did not ex-
press Cre and presumably also retain one functional copy of
either Blm or Brca1) could occur in the developing RPE. How-
ever, some degree of cellular proliferation can occur even
following the complete loss of either BLM or full-length
BRCA1, as evident by this study and more importantly by the
fact that BLM null and BRCA1 homozygous mutant embryos
survive until developmental E13.5 and E12.5, respectively (24,
77). Additionally, one could speculate that a pigmented RPE
spot with blue nuclei could result from an HR event that
occurred before Cre activity took place (i.e., before the gene of
interest was deleted). Experimentally, this would be difficult to
refute. We empirically showed that the change in frequency of
HR correlates well with the amount of stain present (i.e., the
loss of either Blm or full-length Brca1) (Fig. 4A and B). To
further confirm that our reporter is an accurate indicator for
excision of both the reporter and the floxed allele of the gene
of interest, we used a PCR-based approach to amplify each of
the alleles following Cre excision activity and found that Cre
acts equally at both sites (see Fig. S3 in the supplemental
material).

Epidemiological studies involving carriers of either mutated
BLM or BRCA1 suggest that heterozygous loss of one copy of
either gene leads to an increased propensity to develop cancer
(15, 53). This observation suggests the possibility that heterozy-
gous loss of either Blm or Brca1 could impact the frequency of
HR. We therefore tested for an HR haploinsufficiency pheno-
type but found no difference in the HR frequency for condi-
tional heterozygous loss of either gene (Fig. 3). Our in vivo
findings complement those of Chester et al., which showed
levels of SCEs from Blm heterozygous mouse embryonic fibro-
blasts that were not different from wild-type controls (24).

Although the loss of full-length Brca1 leads to a significant
decrease in the frequency of HR (Fig. 5B), we did detect a
number of reversion events following Cre activity. We classify
a reversion event as either being comprised of a single cell (1
cell) or a clonally expanded cluster of cells (�2 cells) (7).
Therefore, we can also ask if the loss of full-length Brca1

affects single-cell and/or multicell HR events. Of the HR
events detected in the Brca1 experimental group, the majority
were single-cell events (Fig. 6B). For comparison, Claybon et
al. found that the increase of HR events in the absence of
PARP1 was due primarily to large multicell events (26). Brca1
expression is induced prior to DNA synthesis and stays abun-
dant during S and G2 phase (21, 41, 70). In addition to Brca1
expression during replication, BRCA1 forms discrete nuclear
foci with RAD51 during S phase and with PCNA in response
to DNA damage that can stall a replication fork (21, 47, 64). In
fact, BRCA1 directly interacts with RAD51 (64). Further, it
should be noted that PARP1 inhibition is synthetic lethal with
BRCA1 deficiency (29), most likely due to the lack of PARP1-
dependent single-strand break repair, leading to increased
stalled replication forks that cannot be repaired in a BRCA1
HR repair-dependent manner. Considering these previous ob-
servations and the results from this study in combination with
the study by Claybon et al., we hypothesize that pun revertant
multicell events are the outcome of HR events tied to replica-
tion and that at least a majority of the single-cell events are not
(26). Furthermore, these replication-associated HR events are
likely to be RAD51 dependent, whereas replication-indepen-
dent HR resulting in pun reversion is likely the result of a
RAD51/BRCA1-independent SSA event. These in vitro studies
support our in vivo observations that BRCA1-associated HR
occurs in response to DNA damage, which results in replica-
tion stress.

It is interesting to note that the increase of HR following the
loss of Blm that we report here occurred early during embry-
onic development (Fig. 7). Bishop et al. previously established
that the location of a pun reversion event in an adult RPE
indicates the developmental time at which it arose by mapping
the location of damage-induced pun eye spots following in utero
exposure at specific developmental timings (6). The greatest
increase in pun reversion events that we observed in the ab-
sence of BLM was in RPE region 0.21 to 0.4, which corre-
sponds to a time before E13.5 during development. Chester et
al. cited anemia as the potential cause of death in Blm null
embryos beginning around E10.5 (24), and considering that the
fetal liver is a highly proliferative hemopoietic tissue at that
time, our observation suggests the possibility of catastrophic
genomic instability due to an inability to efficiently repair
stalled replication forks in the absence of BLM in this tissue at
that time. The increase of genomic instability that we observed
in the RPEs of BLM null mice is representative of other
developing somatic tissues, and in fact, Chester et al. observed
a significant increase in micronuclei in the fetal liver of devel-
oping Blm null embryos, suggesting the notion of increased
genomic instability (24).

During the preparation of the manuscript, Wang et al.
showed that the depletion of BLM in human fibroblasts led to
an overall increase of HR and that the increase was most likely
the result of an HDR crossover event rather than SSA (73).
Our study also shows an overall increased frequency of HR in
the absence of BLM (Fig. 5A) and that this increase mani-
fested as multicell pun reversion events (Fig. 6A), interpreted
by us as resulting from replication-associated RAD51-depen-
dent events. Therefore, both this study and that by Wang et al.
suggest that BLM suppresses HDR rather than SSA events.
We presume that these HDR events would be suppressed by
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either reversal of a regressed replication fork (essentially a
Holliday junction branch migration) or DHJ dissolution fol-
lowed by reversal of a regressed replication fork. For our assay,
it should be noted that reversal of a regressed stalled replica-
tion fork should not allow deletion of a pun repeat. However, if
that regressed stalled replication fork was repaired via resolu-
tion of a DHJ (Fig. 8E and G) following RAD51-mediated
invasion into the “wrong” repeat (i.e., an unequal SCE event),
this would produce a pun deletion/reversion. Resolution of a
DHJ would be the only mechanism available for the repair of
a DHJ structure in the absence of BLM.

Studies using PARP1 inhibition have proven effective in
patients that are defective in BRCA1 (29). This synthetic lethal
approach is premised on the hypothesis that the inability to
repair damaged DNA by HR (e.g., in many BRCA1/2 mutant
cancers) forces the cell to rely upon alternative mechanisms
and, in the absence of such alternatives (e.g., resulting from
PARP1 inhibition), will lead to cellular death. Recently, as
shown in a paper by Claybon et al., our laboratory used the pun

HR model to show that the loss of PARP1 leads to a hyper-
recombinagenic phenotype (26). This result, in combination
with the present study, gives in vivo proof of concept for how
PARP1 inhibition is an effective therapeutic against tumors
displaying BRCAness (4). If BLM resembles PARP1 with re-
spect to HR, then perhaps the transient inhibition of BLM
could also be considered a therapeutic strategy to BRCA1/2
breast and ovarian cancers. It is notable that BLM and BRCA1
have been found to interact with each other within the
BRCA1-associated genome surveillance complex (72). Though
the role of this interaction is not understood, it is interesting to
speculate that their interaction may coordinate the determina-
tion for whether HDR is used in the repair of stalled replica-
tion forks.

In summary, we have further developed the established pun

mouse model for measuring HR by making it applicable to
conditional mouse models. This has allowed us to investigate
the role of Blm and Brca1, two essential mouse genes, in HR.
Furthermore, we have provided insight into the various types
of HR mechanisms responsible for deletion-mediated rever-
sion events that can be detected by using this in vivo mouse
model.
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