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Tumorigenesis and a DNA repair defect
in mice with a truncating Brca2 mutation

Frances Connor?, David Bertwistle!, P. Joseph Mee?, Gillian M. Ross?, Sally Swift!, Elena Grigorieva®,

Victor L.J. Tybulewicz? & Alan Ashworth!>

Germline mutation of the BRCA2 gene carries a high risk of developing breast cancer. To study the function of this
gene, we generated a mutation in Brca2 in mice. Unlike other mutations in the Brca2 gene, which are lethal early
in embryogenesis when homozygous, some of our homozygous mutant mice survive to adulthood. These
animals have a wide range of defects, including small size, improper differentiation of tissues, absence of germ
cells and the development of lethal thymic lymphomas. Fibroblasts cultured from Brca2~'-embryos have a defect
in proliferation that may be mediated by over-expression of p53 and p21Waf/CP1_Wwe show that Brca2 is required
for efficient DNA repair, and our results suggest that loss of the p53 checkpoint may be essential for tumour pro-

gression triggered by mutations in BRCA2.

An estimated 5% of breast cancers are thought to result from a
hereditary predisposition to the disease, primarily due to a small
number of highly penetrant autosomally dominant genes!2.
Women who carry germline mutations in one of these suscepti-
bility genes tend to develop cancer at an earlier age as well as
being at an elevated risk of bilateral breast cancer and other can-
cers, such as ovarian cancer®. Two breast-cancer susceptibility
genes, BRCAI and BRCA2, have been identified, and mutations
in these genes are responsible for most cases in families with a
large number of early-onset breast cancers*”’. Mutations in
BRCA]1 are responsible for predisposition in the large majority of
families with both breast and ovarian cancers, but account for
only about half of the families with breast cancer only®. The
BRCA?2 gene carries a risk of breast cancer similar to that of
BRCAI, but is associated with a lower risk of ovarian cancer and
a considerably higher risk of male breast cancer. However,
despite the involvement of these genes in inherited cancer pre-
disposition, no somatic, disease-causing mutations in either
BRCAI or BRCA2 have been reported in any breast cancer®-11,

The BRCA?Z gene is widely transcribed, but at a relatively low
level, and encodes a protein of 3,418 amino acids”>'2. More than
70 independent mutations have been found in BRCAZ2 in breast-
cancer families; most of these are nonsense or frame-shift muta-
tions, resulting in truncation of the protein”®-12, The BRCA2
protein shows no strong homology to known proteins, but eight
copies of a repeat have been identified in the region encoded by
exon 11 (refs 14,15). Overall, the gene is poorly conserved in
mammals, with only 59% amino-acid identity between mouse
and human BRCA? proteins!®17.

BRCA1 and BRCA?Z have a number of similarities. The genes
appear to be co-regulated both in the cell cycle and in different
tissues of the adult mouse!®!%1%, Furthermore, both proteins
appear to interact with RAD51 (refs 20,21), the eukaryotic
equivalent of the bacterial recombination protein recA, which
has been implicated in repair of double-stranded DNA
breaks?2?3, Thus, it is feasible that BRCA1 and BRCA2 have a

role in DNA repair. Both proteins also have domains that can
function as transcription activation modules?2; together with
the demonstration that BRCA1 can associate with RNA poly-
merase-II holoenzyme?S, this suggests that the proteins might be
involved in transcriptional regulation.

There have been several reports describing early embryonic
lethality of homozygous mutations in Brca2 in mice?1?7:28, Here
we describe a mutation in Brca2 that probably leads to a partial
loss of function of the gene. This provides a model of cancer
caused by loss of the Brca2 gene and has enabled the direct
demonstration of a role for Brca2 in DNA repair.

Targetted disruption of Brca2

We introduced a mutation into the mouse BrcaZ gene by
homologous recombination in embryonic stem (ES) cells. The
Brca2 targetting vector was designed to insert a PGK-neo*
expression cassette, in the same orientation relative to Brca2
transcription, into a Pstl site in exon 11 at nucleotide position
6038 (ref. 16; Fig. 1). The targetting vector was electroporated
into 129/Sv D3 ES cells, and 480 clones doubly resistant to
(G418 and ganciclovir selection were isolated and screened for
disruption of the Brca2 gene by Southern-blot analysis {Fig. 1).
Three targetted clones with a euploid karyotype were subjected
to extensive Southern-blot analysis to confirm correct disrup-
tion at one Brca2 allele and that no additional random integra-
tions had occurred (data not shown).

Blastocyst stage C57BL/6 embryos were injected with two of
the targetted ES-cell clones. Five male chimaeric mice, three
derived from one clone and two from a second clone, trans-
mitted the mutated Brca2 allele to their offspring. Chimaeras
were mated with C57BL/10 (B10), F1 from a cross of
C57BL/6 x DBA/2 (B6/DBA) or 129/Sv (129) females. To date,
no phenotypic differences have been seen between mice gener-
ated from the two independently targetted ES-cell clones. A
detailed analysis of one of these lines (B354) is presented here.
Mice heterozygous for the Brca2 mutation appear normal,
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healthy and fertile for at least twelve months on the mixed
129/B10 or 129/B6/DBA genetic background or at least ten
months on an inbred 129 background. In particular, no evidence
of tumour formation in any of these mice has been observed.

Some Brca2”- animals are viable

Mice heterozygous for the targetted Brca2 disruption were inter-
crossed and offspring genotyped by Southern-blot analysis
(Fig.1b,c). Live mice wild-type (Brca2*/*), heterozygous
(Brca2*'-) and homozygous (Brca2~ 7~y for the Brca2 mutant
allele were detected immediately after birth in the offspring on
the 129 inbred and mixed genetic background. In the cross with
129/B6/DBA genetic background, some of the BrcaZ”~ mice sur-
vived weaning and reached adulthood. Cumulative genotyping
of litters born with this genetic background revealed that the
ratios of +/+:+/——/— were 1:1.93:0.23 (Table 1). These ratios are
significantly different from the expected 1:2:1 mendelian ratio,
with a large deficit of viable BrcaZ™~ mice.

To further characterize the time of lethality of most of the
BrcaZ™~ mice, we analysed embryos from heterozygous inter-
crosses at day 17.5 of gestation. Expected numbers of live Brca2
homozygous mutants were observed on the 129/B6/DBA
genetic background (Table 1). Preliminary analysis of E18.5
embryos suggests that there is little prenatal lethality on
this background (data not

of the targetted Brca2 allele. Relevant
restriction sites shown are BamH| (B),
Bglt (Bg), BstEll (Bs), EcoRV (E), Pstl
(P), Pvull (Pv), Ncol (Nc) and Noti (N),
b, The size of Pvull and BamH! genomic fragments from wild-type and dis-
rupted Brca2 alleles expected to hybridize to probes A and B. ¢, Genotype
analysis of mice. Genomic DNA from tails of 12-day-old progeny of a cross of
heterozygous mice were digested with BamH! and analysed by Southern blot-
ting and hybridization to probe B. The sizes of wild-type (9.3 kb) and mutant
(6.5 kb) bands are shown. Mice were identified as wild type (+/+), heterozy-
gous {+/~) or homozygous mutant (-/-).

One possible explanation for the less severe phenotype we
observed in our Brca2~ mice is that we have generated a hypo-
morphic allele due to the site of the insertion into the Brca2
gene; potentially, our mice could produce a 2,014-amino-acid
truncated Brca2 protein, whereas the other mutations could
produce only approximately 450, 626 or 978 N-terminal frag-
ments of the full-length 3,329-amino-acid protein. Antibodies
against the N-terminal region of Brca2 that could resolve this
are not yet available, but we have used RT-PCR to study the
expression of Brca2 in mutant animals (Fig. 24). This demon-
strates that the 5° part of the Brca2 RNA is present and correctly
spliced in the brain of a BrcaZ”~mouse. Specifically, this shows
that parts of the Brca2 gene, the 3" end of exon 10 and the 5" por-
tion of exon 11, deleted in the other, more severe Brea2~
mutants, are transcribed and may result in the production of a
truncated Brca2 protein. Another possibility is that insertion of
the neo gene into exon 11 forced alternative splicing, resulting in
production of an altered protein containing the C-terminus of
Brca?2. We have, however, been unable to find such alternative
splicing by RT-PCR analysis. Moreover, an antibody that detects
the C-terminus of Brca2, predicted to be absent in the Brca27~
mutant, does not detect bands of altered mobility in protein
extracts (data not shown), suggesting that this part of the pro-
tein is not expressed.

shown). Thus it appears

Table 1 « Genotypes of offspring from crosses of mice heterozygous for the Brca2 mutation

that some lethality occurs

just before or just after age Genetic Number Number Genotype
birth, and of those animals background of litters of pups ++ +- -~ unknown
that are born alive, many do 6 g 0
t H ing. E17.5 129/86/DBA 9 67 13 3 1
nonlurvwet tf. Weart’}lln% have 1-18days  129/BE/DBA 45 320 98 189(1) 23(10) 10
€ mutations that nave 4_q1ggays  129/B10 32 201 68(3) 121(Q2) 3(3) 9

been noted previously in the
Brca2 gene in mice result in

early embryonic lethality
weaning age.

Progeny from crosses of mice heterozygous for the Brca2 mutation were genotyped either at 17.5 days gestation (E17.5)
or before weaning (1-18 days after birth). Unknown represents pups that disappeared (presumed eaten by the mother)
or had died; genotyping was not possible. Numbers in brackets represent pups of known genotype that died before

when  homozygous?1:2728,

424

nature genetics volume 17 december 1997



@l © 1997 Nature Publishing Group http://www.nature.com/naturegenetics

article

e
m

[iilin
T

il

)

Weight (g)

a [[ 11 1 - =
R — T l Exon Xi |
Age da ’T' PGK nec

Fig. 2 Viability but growth impairment of some Brca2~~ mice. a, E17.5 embryos from a cross of heterozygous mice. Left, Brca2~-embryo; right, control littermate
embryo. b, Nineteen-day post-natum mice from a cross of heterozygous mice. Left, BrcaZ”- mouse; right, control littermate. Note the kink in the tail of the
Brca2~- mouse. ¢, The weight versus time of three surviving female Brca2~ animals is shown compared to the growth curves of four heterozygous and three
wild-type littermates. The growth curves of male Brca2 mutant mice and their control littermates are similar to those shown. d, The 5" part of Brca2 mRNA is
expressed in Brca2~~ mice. mRNA was prepared from the brains of Brca2** and Brca2”~ mice. RT-PCR was used to amplify various portions of Brca2 and Hprt
¢DNA. Primer combination vi and vii does not amplify a product in the Brca2~- sample, as it is interrupted by the PGK-neo cassette. All other primer combina-
tions, spanning multiple intron-exon boundaries, amplify Brca2 cDNA from -/~ samples and do not amplify a product from genomic DNA. Primer combinations
and sizes are as follows: a) i and iii, 1,600 bp; b) ii and iv, 1,700 bp; ¢} ii and iii, 1,200 bp; d) vi and vii, 800 bp; e) Hprt f and Hprt r, 350 bp; f) ii and v, 3,100 bp.
Positions of primers are indicated in the schematic and sequences given in Methods. The vertical bars indicate the boundaries of Brca2 exon 11. Negative con-
trols for the PCR amplification were performed by substituting H,0 for cDNA template. Amplified products were analysed on either a 1.5% (left panel) ora 1%
(right panel) agarose gel. M indicates molecular weight markers (kilobase ladder, Gigco).

Genetic background effect on Brca2~- lethality

The Brca2 mutation was introduced into the mouse genome by
homologous recombination in the D3 ES-cell line originally
derived from the 129/Sv strain?®. Male chimaeras, in which the
targetted ES-cell line had contributed to the germline, were ini-
tially crossed with either B10 females or F1 females from a cross of
B6 and DBA. Progeny heterozygous for the Brca2 mutation were
then intercrossed to generate mice that could be Brca2*'*, Brea2*/-

or Brca2”~ and with genomes derived from varying proportions
of 129 and B10 strains or of 129, B6 and DBA strains (Table 1). As
stated above, live homozygous mutant animals are generated on
the 129/B6/DBA background but at a reduced expected frequency;
7.4% were Brca2”~ instead of the expected mendelian 25%. Of
these, only 4.3% survive to adulthood. The cross of heterozygotes
with a 129/B10 background, however, generated only a few (1.6%
instead of the 25% expected) Brca2”~ individuals, and they all

Fig. 3 Spermatogenic failure in Brca2”~ adult males. Sections of adult testis of male mice stained with haematoxylin and eosin showing seminiferous tubules
(x400). a, Heterozygote. b, Homozygous mutant. Germ cells are absent from the seminiferous tubules of the homozygous mutant animal.
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died within a few days of birth. Thus, we observed a genetic back-
ground effect on the lethality of the Brca2 mutation.

Abnormal development of Brca27- embryos and aduits
Male and female BrcaZ”/~ mice are approximately half the
weight of their littermates at embryonic stage E17.5, at birth,
during nursing, at weaning age and as adults (Fig. 2). Another
obvious abnormality is the presence of a distinct kink in the tail
(Fig. 2b). This was seen in about 60% of individuals, but the
extent varied considerably between individuals. This defect
may be related to abnormal development of skeletal struc-
tures—including the ribs and sternum, which was observed at
E14.5 (data not shown). Preliminary histopathological analysis
has revealed that these animals also display numerous other
defects. Examination of E17.5 mutant embryos showed that all
organs are present; however, they appear to be significantly
developmentally immature compared to those of age-matched
controls. Also, some tissues show signs of improper differentia-
tion. For example, the skin from an E17.5 mutant embryo shows
a number of anomalies, including abnormal epidermal layering
with a virtual non-appearance of the stratum corneum layer,
poor stratification in the stratum spinosum and an ill-defined
basal layer (data not shown).

Failure of spermatogenesis in Brca2~'~ testes

Attempts to breed three adult male Brca2 homozygous mutant
mice were unsuccessful. The reproductive organs of these animals
appeared to be grossly normal, except that the testes were much
smaller than those of wild-type. Histological sections of adult con-
trol testes show seminiferous tubules containing Sertoli and sper-
matogonial stem cells at the periphery of the tubule and more
a
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differentiated cells towards the lumen, into which the mature sper-
matozoa are finally released. The seminiferous tubules of Brca2~~
testes contain Sertoli cells but, in contrast, appear completely
devoid of germ cells and contain cellular debris (Fig. 3). The
absence of spermatocytes indicates that the block in spermato-
genic cell development is earlier than meiosis. The mutant germ
cells may not colonize the gonads during embryogenesis or alter-
natively, after birth, spermatogonia may fail to proliferate. In
either case, this would lead to an apparent absence of such cells in
the adult. The ovaries of adult Brca2”~ females are also reduced in
size, appear to be degenerating and have no obvious follicles (data
not shown).

High frequency of malignant thymic lymphomas

To date, no BrcaZ homozygous mutant has survived beyond 5.5
months of age. Wild-type and heterozygote littermates of each
mutant fail to develop any tumour or illness within the same
period (Fig. 4a). The onset of disease symptoms— generally,
weight loss, breathing difficulties and bulging sternum
—occurred rapidly in six mutant animals (four males and two
females) between the ages of 11 and 22 weeks (Fig. 4a).
Examination revealed the presence of a grossly enlarged thy-
mus, almost filling the chest cavity. These tumours completely
lack the cortical-medullary organisation of the normal thymus
and appear to be composed of uniform lymphoblastic-type
cells (Fig. 4b). Flow-cytometric analysis suggests that the
tumours originate from the immature CD4" CD8* double-
positive thymocyte population and contain rapidly dividing
cells with an activated phenotype (data not shown). Infiltration
of the spleen with tumour cells emanating from the thymus was
also observed.

Brca2~~ MEFs over-express p21 and p53

To determine whether the small size of Brca2”/~ embryos and
adults reflected a defect in cell proliferation, we compared the
growth of wild-type, heterozygous and homozygous mutant
mouse embryonic fibroblasts (MEFs) in culture. BrcaZt'~ and
Brca2*/* MEFs proliferate well in culture whilst Brca2~~ MEFs
proliferate poorly (Fig. 5a). Absence of Brcal and Brca2 in mice
has been suggested to lead to upregulation of the mRNA for the
cyclin-dependent kinase inhibitor p21 (refs 28,30). We deter-
mined the level of p21 expression in MEFs wild-type, heterozy-
gous and homozygous for our mutation (Fig. 5b). The p21

Fig. 4 High rate of mortality and thymic lymphoma in 8rca2”~ mice. a, Mortality of pdst-weaning Brca2~ mice. The graph shows the percentage of healthy
Brca2 homozygous mutant mice and heterozygous and wild-type littermates plotted against age. Animals were killed as soon as they became obviously
sick—with the exception of healthy wild-type and heterozygous littermates, culled as controls. Collection of data is ongoing; therefore, sample sizes (n) vary
with age. For mutant animals, nis 11 (4-5 weeks), 8 (6-14 weeks), 7 (15-18 weeks) and 3 (19-22 weeks); for control animals, n is 42 (4-5 weeks), 29 (6~11 weeks),
27 (12-13 weeks), 26 (14 weeks), 23 (15-16 weeks), 22 (17-18 weeks) and 11 (19-22 weeks). b, Photomicrographs of sections of normal thymus and thymic
tumour from Brca2- mutants stained with haematoxylin and eosin (x40). Left, normal thymus showing differentiation into medulla and cortex; right, thymic
tumour, greatly enlarged compared to normal thymus shown at same magnification and composed of uniform lymphoblastic-type cells.
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Fig. 5 Embryonic fibroblasts from Brca2- proliferate poorly in culture and overexpress p21 and p53. a, Brca2”~ MEFs proliferate poorly. Proliferation curves of
BrcaZ, Brca2*"- and Brca2*'* MEFs in culture. The cell number at each time point is the mean cell number of two duplicate plates. b, Brca2”- MEFs have elevated p21
protein levels, Western blot of lysates from Brca2-*, Brca2*- and Brca2*/* MEFs were probed with the anti-p21 mouse monoclonal antibody, 5X-118 and, as a loading
control, an anti-B-tubulin antibody. ¢, Brca2”~ MEFs have constitutively elevated p53 protein levels and can induce p53 in response to DNA damage. Western blot of
lysates from Brca2+, Brca2*- and BrcaZ*'* MEFs, either untreated or irradiated with 10 Gy X-rays, were probed with the anti-p53 mouse monocional antibody, 421,

and as a loading control, an anti-B-tubulin antibody.

protein is over-expressed in the Brca2~~MEFs. Given that p21
is an important target gene of the tumour suppressor p53, we
measured p53 protein levels in the MEFs. Western-blot analysis
demonstrated that p53 levels were consistently elevated in
Brca2”~ MEFs relative to MEFs derived from littermate
BrcaZt'~ or Brca2*'* embryos. Induction of p53 by X-irradia-
tion appears not to be grossly impaired in Brca2”~ MEFs
(Fig. 5¢). This suggests that Brca2 is not involved in sensing
double-strand breaks, at least not upstream of p53.

DNA repair defect in Brca2~~ MEFs
To investigate whether Brca2™'~ cells are competent for the repair
of DNA damage, we subjected wild-type and Brca2 mutant MEFs
- t0 40 Gy of X-irradiation. A neutral, single-cell gel electrophoresis
or, ‘comet’ assay,>? was used to determine the relative amount of
double-strand breaks in DNA present at various times after irra-
diation. Brca2*’* and Brca2t'~ MEFs had repaired most double-
strand breaks after 155 minutes, whereas Brca2”~ MEFs still

nature genetics volume 17 december 1997

showed considerable DNA damage, even after 275 minutes
{Fig. 6). Thus, it would appear that Brca2 is necessary for the effi-
cient repair of double-strand breaks in DNA.

Discussion

Women carrying a mutation in either the BRCA] or BRCA2 gene
have a high risk of developing breast cancer’. Most of the muta-
tions in BRCA2 in humans that confer increased risk of cancer
lead to truncation of the open reading frame (ORF) either by
introduction of a nonsense codon or by a frameshift mutation'?.
We attempted to create a model of cancer induced by loss of
BRCA?2 by introducing a mutation into the germ line of mice by
homologous recombination. A PGK-neo cassette was introduced
into exon 11 of the Brea2 gene; this leads to the interruption of the
ORF at amino acid 2,014 of the 3,329-amino-acid mouse Brca2
protein'®, The mutant allele that we generated would be expected,
if it occurred in humans, to confer an elevated risk of breast can-
cer; however, we have not so far observed tumours in mice het-

Fig. 6 Embryonic fibroblasts from
Brca2™- mice are defective in DNA
repair. Neutral single-cell gel elec-
trophoresis or ‘comet assay’ of
BrcaZ ", Brca2*~ and Brca2** MEFs
either untreated (a) or irradiated
with 40 Gy X-rays (b,c). Irradiated
MEFs were harvested immediately (b)
or after incubation at 37 °C for 275
minutes. Comet-tail length is propor-
tional to the number of double-
strand breaks present in the DNA of
the cell. The cells shown have comet-
tail lengths that are the median aver-
age for their data point.
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under one-third survive the perinatal period
and reach adulthood (Table 1). Given that
the other Brca2 null animals previously
described are severely affected and die
between E6.5 and E8.52127:28, the milder
phenotype we observed suggests that we
have generated a hypomorphic allele. This
could be due to the position of insertion into
the Brca2 gene; the mice described here may

Fig. 7 Models for genetic changes in breast cancers in carriers of BRCA2 mutations. a, Loss of the wild-
type BRCA2 gene in a carrier of a BRCA2 mutation leads to a defect in DNA repair. DNA damage results
in induction of p53 and p21, which mediate growth arrest or apoptosis. Loss of the p53 pathway, by
dominant-negative mutation of p53 or by other means, alleviates the growth arrest, allowing cell divi-
sion. Failure of a DNA repair pathway leads to activation of oncogenes and neoplasia. b, Cells carrying a
heterozygous mutation in BRCAZ lose the p53 pathway, by dominant-negative mutation of p53 or by
other means. Loss of the wild-type BRCA2 allele may be driven by a centrosome defect caused by loss of
p53 function. Failure of a DNA repair pathway leads to activation of oncogenes and neoplasia.

produce a Brca2 protein that retains a large

part of exon 11, which is predicted to be lacking in previously
described Brca2 mutants. Of potential importance is our recent
observation that the N-terminal part of exon 11 can bind to
Rad51 (D.B. and A.A., manuscript in preparation) in addition to
the previously reported C-terminal interaction domain present in
Brca2 (ref. 21). Proof that we have generated a truncated version
of the Brca2 protein awaits the generation of antibodies to the N-
terminus of mouse Brca2, but RT-PCR analysis indicates that the
mutant mRNA is stably expressed.

It has been suggested that, in humans, modifying genes exist
that affect the penetrance of mutations in BRCAI and BRCA2
(ref. 3). For example, the same mutation in BRCA? in different
Icelandic families is of variable penetrance, resulting in different
distribution of cancers3>, We show here that the mutation that we
have introduced into the Brca2 gene in mice has different effects,
depending on the background strain. On a 129/B6/DBA back-
ground, we recovered some viable BrcaZ~ mice, whereas all such
mice on the 129/B10 genetic background die shortly after birth.
This strain difference, if confirmed, should be useful in the identi-
fication of genes that modify the lethality of a Brca2~ genotype.
These genes may be of importance in modulating cellular
responses to loss of the wild-type BRCA2 allele in human carriers
of BRCA2 mutations and, hence, risk of developing cancer.

Eibroblasts derived from our Brca2”~embryos have a defect in
proliferation in culture, and this seems likely to be caused by
over-expression of p53 and p21, which are known to mediate
cell-cycle arrest. It has been noted that mice strongly expressing
p53 die very early in embryogenesis’®3’. In another study,
ectopic expression of p53 in the kidney led to a failure in proper
kidney differentiation®®. Thus, the growth defects and the failure
of several tissues to develop and differentiate properly that are
observed in our Bréa2”~ mice may be caused by inappropriate
expression of p53. p53 is thought to be involved in maintaining
the integrity of the genome and is activated in response to DNA
damage, suggesting the presence of damaged DNA in the
BrcaZ2™~ fibroblasts. The previous observations that the Brca2
and Rad51 proteins interact and that Brca2~~ blastocysts are
hypersensitive to gamma-irradiation implicate Brca2 in DNA
repair?!. Here we present further evidence that loss of Brca2
leads to a defect in DNA repair, leading to the accumulation of
spontaneous DNA damage activating p53 and thereby p21.

A defect in DNA repair might also be the explanation for the
development of thymic lymphomas in Brca2”~ mice.
Lymphocytes mature through a process of DNA rearrangements
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of V(D)] gene segments involving double-stranded DNA breaks.
The thymic lymphomas might be caused by a failure to repair
these DNA breaks properly after V(D)] recombination. This
could lead to an increased frequency of chromosomal transloca-
tions and inversions, which in turn could result in the activation
of proto-oncogenes. We have not so far observed mammary
tumours in Brca2~~ mice. This could be because the mice die of
thymic lymphomas before the development of such tumours.
Alternatively, and perhaps more likely, aberrant ovarian differen-
tiation might lead to a hormonal deficit, resulting in reduced
proliferation of mammary tissue.

In some respects, the phenotype of the mice that we have gen-
erated resembles that of mice null for the Atm gene41. ATM is
the gene mutated in the inherited human disease ataxia-telan-
giectasia, whose phenotypes include growth retardation, ele-
vated cancer risk and hypersensitivity to radiation®Z.
Heterozygosity at ATM has been proposed to lead to a predispo-
sition to breast cancer, although this is controversial**~>. Mice
homozygous for a mutation in the Atm gene exhibit a reduction
in size, germ-cell defects, failure of proliferation of embryonic
fibroblasts and the presence of thymic lymphomas (in adult
mice), phenotypes similar to those that we observed in the
Brca2~~ mice. It is possible that the two genes act in the same
biochemical pathway. Alternatively, it may be that most of the
phenotypes in common are the result of defects in DNA repair
either directly (germ cells, thymic lymphoma) or indirectly, due
to low-level p53 expression (the growth defect, failure of prolif-
eration of embryonic fibroblasts) as a result of DNA damage. In
support of this conjecture, the failure of Atm™ fibroblasts to
proliferate in culture is rescued by a p53~~background*.

As discussed by others*”*3, the growth arrest in Brca2 null cells
is at odds with the suggested role of the gene as a tumour sup-
pressor. Dominant-negative mutations in p53 or in another
component of the p53 pathway would alleviate this arrest, allow-
ing the cell to proliferate; this has been suggested to be the mech-
anism of escape from growth arrest*’~* (Fig. 7a), and our data
support this hypothesis. However, there is an alternative possible
scheme (Fig. 7b). If a p53 mutation were to occur before loss of
the wild-type allele, growth arrest would not occur, as the cell
would still be BRCAZ*~. This loss of p53 function could itself
drive loss of the wild-type allele as p53~'~ cells have been shown
to undergo abnormal centrosome amplification, resulting in
unequal segregation of chromosomes and aneuploidy*. This
second potential order of events (Fig. 7b) might be a more plau-
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sible mechanism for tumour development, as it does not envis-
age a growth-arrested stage. In either of these scenarios, other
mutations, which perhaps activate dominant oncogenes, would
then take place because of the mutagenic environment caused by
the DNA damage driven by BRCA2loss. The mice described here
should be useful in testing these various theories.

Methods

Construction of the Brca2 targetting vector. Mouse Brca2 sequences were
isolated from a mouse 129/Sv genomic BAC library (Research Genetics) as
described previously'®. The Brca2 gene targetting vector was made as fol-
lows. A 5-kb Pst] fragment containing the 3’ 0.65 kb of exons 11,12 and 13
was subcloned into the Pst site of pBluescriptKS. A 3.2-kb fragment (the
37 0.65kb of exon 11 and downstream sequence) was released by digesting
at the polylinker BamHI and genomic Pvull sites and subcloned into the
BamHI and blunted EcoRI sites of the gene-targetting replacement vector
PPNT5! to yield the intermediate pPNT-3" Brca2 plasmid. A 5-kb
BgllI-Pstl Brca2 genomic fragment (containing 4.2 kb of exon 11 and
0.8 kb of the preceding intron) was initially sub-cloned into the BamHI
and Psd sites of pBluescriptKS. This fragment was released by digesting
polylinker sequences with Nofl and Xhol and then subcloned into
Notfl-Xhol-digested pPNT-3" Brca2 plasmid to give the Brca2 targetting
vector. The structure of the plasmid was confirmed by restriction mapping
and by sequence analysis across the BrcaZ-PGKneo® cassette junctions.

Gene targetting and generation of Brca2 mutant mice. Gene targetting in ES
cells was carried out essentially as described2. The Brca2 targetting vector
was linearized at a unique Notl site in the pPNT backbone and electropo-
rated into D3 ES cells cultured on gelatin-coated dishes on a feeder layer of
mitotically inactivated primary embryonic fibroblasts. After 9 days of selec-
tion with G418 (300 pg/ml) and ganciclovir (0.51 ug/ml), doubly resistant
ES-cell colonies were isolated, expanded and frozen. The clones were
screened for homologous recombination events by Southern-blot analysis of
Pvull-digested genomic DNA and hybridisation to probe A (Fig. 15).

ES cells from Brca2 targetted clones were karyotyped according to
Robertson3?. The correct structure of the targetted Brea2 gene in cell lines
with 40 chromosomes was confirmed by Southern-blot analysis of DNA
digested with a range of restriction enzymes and hybridized with a neo”
probe and probes covering Brca2 sequences present in and flanking the tar-
getting vector (data not shown).

Chimaeric mice were produced by standard methods>*. Euploid ES cells
heterozygous for a correctly disrupted BrcaZ allele were injected into host
C57BL/6 blastocysts, which were then transferred to the uteri of pseudo-
pregnant (CBAXC57BL/10)F1 female foster mice. The resulting chimaeric
mice, identified by agouti coat colour, were mated with C57BL/10 or
(C57BL/6x DBA/2)F1 mice and, once germline chimaerism had been con-
firmed, 129/Sv mice. Heterozygotes were intercrossed to produce homozy-
gous mutant mice. Mice were genotyped by Southern blotting of
BamHI-digested DNA, followed by hybridization with probe B (Fig. 1) or
by PCR. Genomic DNA was prepared from E14.5 and E17.5 embryo tissue
or the tail tips of 1-3-week-old mice, essentially as described>2.

Phenotype analysis. Embryos were staged with the assumption that the day
on which a vaginal plug was detected was E0.5. E17.5 embryos from het-
erozygous intercrosses were dissected free from the placenta and fetal mem-
branes, blotted dry with a paper towel and weighed. Mice from heterozygous
intercrosses were weighed during nursing {postnatal days 10-13), at wean-
ing (days 20-23) and through to adulthood (days 40-47). After weaning,
homozygous mutant mice were usually caged separately, while wild-type
and heterozygous littermates of the same sex were housed together. In all
cases, food and water were provided ad libitum. Embryos at E17.5 and adult
mouse gonads were fixed in Bouin’s fixative. Other adult tissues were fixed in
10% neutral buffered formalin. After fixation, samples were processed,
embedded in paraffin, sectioned and stained with haematoxylin and eosin or
Mallory’s trichrome stain according to standard procedures.

RT-PCR. RNA was prepared and transcribed into cDNA, and Brca2 frag-
ments were amplified by standard techniques. The primers (Fig. 2d) were
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as follows. Forward primers: (i) exon 4, 5-CAAAAAGAAGAC-
CAAAGTGG-3'; (ii) exon 9, 5'~ATAGATCTGTTCCCTCAGTG; (vi) exon
11, 5’~-CCGCCAGACATGAAGAATGC-3'. Reverse primers: (iii) exon 11,

'_CCCAAAAGAGTTGGTCAAGG-3'; (iv) exon 11, 5~ TTTCACCAG-
GTGGCAGAAGC-3'; (v) exon 11, 5’~-TTCTAACAGGTGAGGAAAGC-3'
(vi) exon 11, ¥~CACTTTCTGAAACTGTGACC. Hprt primers were (for-
ward) 5~-GTCAAGGGCATATCCAACAACAAAC-3’ and (reverse) 5'~CCT-
GCTGGATTACATTAAAGCACTG-3'. PCR conditions were 30 s at 94 °C,
30 s at 52 °C and 2 min at 72 °C for 30 cycles, followed by 72 °C for 5 min.
Reaction products were analysed on an agarose gel (1-1.5%) stained with
ethidium bromide.

Culture of primary mouse embryonic fibroblasts. Primary mouse embry-
onic fibroblasts (MEFs) were derived from stage-E14.5 embryos from het-
erozygous intercrosses by standard procedures®®. MEF cultures from each
embryo were grown in DMEM supplemented with 10% fetal calf serum,
2 mM glutamine, 50 U/ml penicillin and 50 pg/ml streptomycin at 37 °C
with 5% CO, until they reached confluence, when the cells were frozen
(passage 1). Proliferation assays were performed as follows. Passage-2
MEFs were sceded into a series of 35-mm dishes at 1x10° MEFs per dish.
Media were changed daily and cells counted from duplicate plates with a
Coulter counter (Coulter Electronics). The assay was performed on two
sets of MEFs, with similar results.

Analysis of p53 and p21 expression. MEFs isolated from Brca2™", Brca2™/~
and Brca2*/t embryos were seeded onto 10-cm dishes at 7x10° cells per
dish. After one day in culture, dishes were irradiated with either 0 or 10 Gy
X-rays (at a rate of 7.5 Gy/min). Media were changed immediately after
irradiation. Total cell lysates were made by washing cells in PBS and addi-
tion, 2.5 h after irradiation, in RIPA buffer (50 mM Tris, pH 8.0, 130 mM
NaCl, 0.1% SDS, 0.1% deoxycholate, 1% Triton X-100, 50 mM NaF, 1 mM
sodium orthovanadate and x1 complete protease inhibitors (Boehringer
Mannheim). Protein content of lysates was determined with the BCA pro-
tein assay kit (Pierce). Each lysate (70 1g) was separated by 17.5% SDS-
PAGE and blotted onto nitrocellulose. Blots were probed with the anti-p53
antibody, 421 or the anti-p21 antibody, $X-118 (gifts of X. Lu) and then
incubated with an HRP-conjugated secondary antibody and developed
with SuperSignal chemiluminescent substrate (Pierce). As a loading con-
trol, the blots were subsequently probed with an anti—B-tubulin antibody
(N357, Amersham),

DNA damage and repair assay. Repair of DNA damage was analysed with
a neutral single-cell gel electrophoresis (SCGE), or ‘comet, assay. Neutral
SCGE is specific for double-strand breaks in DNA. MEFs were seeded
onto 55-mm dishes at 1x10° cells per dish and left overnight. The neutral
comet assay was performed basically as described*2. Monolayers of MEFs
were harvested by trypsinization, and 5,000 cells were embedded in 1%
low-gelling-temperature agarose (Sigma, type VII) at a final concentra-
tion of 0.7% agarose and pipetted onto fully frosted glass microscope
slides (Dakin). After solidification of the agarose on ice, cell lysis was per-
formed by incubation in 0.5% SDS, 30 mM EDTA and 0.25 mg/ml pro-
teinase K (pH 8.0) (Boehringer Mannheim) at 4 °C for 1 h, followed by
37 °C overnight. Slides were rinsed in 0.5 x TBE before electrophoresis at
1 V/cm for 24 min at 10 °C in 0.5 X TBE. Slides were stained with ethidium
bromide (20 ng/ml) and visualized by epifluorescence with a Zeiss
Axioskop microscope. Images were digitalized with the OPTIMAS image
analysis software package. Fifty cells were analysed per data point, 25
from each of two duplicate slides. Tail length was calculated for each cell
with the OPTIMAS software package. Median average tail length was cal-
culated for each data point.
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