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BRCA1 MUTATIONS: MOLECULAR
CONSEQUENCES AT THE mRNA AND
PROTEIN LEVEL
The majority of mutations found in the human BRCA1 gene
predict the expression of a mutant protein, either due to
truncating or missense mutations. Unfortunately, very little data
is available on the in vivo stability of these alleged mutant
proteins. Recently, it has been suggested that the majority of
mutations leading to premature stop codons trigger nonsensemediated decay (NMD) of the mutant mRNA (1). Again,
although messenger abundance was clearly reduced (1.5–5fold), the consequences of NMD on protein levels were not
investigated.
To the best of our knowledge, the only known example of a
BRCA1 mutation leading to a decreased but detectable
expression of the mutant protein is found in the tumor cell
line HCC1937 (2,3). This mutation (exon 20; 5382insC) causes
a frame-shift, resulting in a premature stop codon within exon
24 (the last exon of the gene). Perrin-Vidoz et al. (1) confirmed
that this specific mutation does not trigger nonsense-mediated
decay, most likely because the activating signal for NMD is an
exon–exon junction downstream to the premature stop codon.
Still, even if the majority of mutations were to affect mRNA
stability, the establishment of genotype–phenotype correlations

at the BRCA1 locus implies that the residual expression of
mutant proteins (truncated or missense) may have specific
consequences for the clinical course of the disease.

BRCA1 GENOTYPE–PHENOTYPE
CORRELATIONS IN MEN
Shortly after the identification of BRCA1, it became clear that
mutations in sporadic breast cancer are extremely rare.
However, although only a few percent of breast cancer cases
are due to a germline mutation in BRCA1, a relatively large
number of families are affected by germline mutations in this
gene, and therefore represent a useful source for the establishment of genotype–phenotype correlations.
The first genotype–phenotype correlation described in
BRCA1 was the observation of a decreased ratio of ovarian to
breast cancer among 33 families with germline mutations
located 30 to exon 12 (4) (Fig. 1). A subsequent study showed a
similar correlation with mutations 30 to the alleged granin
consensus motif encompassed by exon 11 (5) (amino acids
1214–1223). In view of the close proximity of this sequence to
the exon 12/13 boundary described by Gayther et al. (4), and
of the fact that the granin motif is no longer believed to
be functionally significant, the data described by Holt and
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To date, over 6300 mutations in BRCA1, involving 1100 distinct sites, have been described and reported in the
BIC (breast cancer information core) database. Since the ﬁrst BRCA1 mutations in early-onset breast and
ovarian cancer families were reported, several attempts to establish genotype–phenotype correlations for
this gene have been reported. Moreover, in vitro data have suggested dominant-negative effects of putative
mutant BRCA1 proteins over wild-type proteins. Genotype–phenotype correlations are not only important for
predicting the clinical course of the disease and to allow tailor-made surveillance of individuals at risk, but
also have implications for the elucidation of the molecular genetic mechanisms underlying BRCA1-mediated
tumorigenesis and the development of gene transfer-based therapies. Here, we discuss genotype–phenotype
correlations at the BRCA1 locus in mouse and man, and the functional aspects that may account for these
observations.
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co-workers (5) are likely to represent a refinement of the same
genotype–phenotype correlations.
A more recent and comprehensive study of a cohort of 356
families characterized by protein-truncating mutations further
confirmed this correlation (6). Here, families with mutations 30
of nt 4191 (codon 1358), i.e. in between the boundaries
described in the two above studies, showed a significantly lower
incidence of ovarian cancer. This correlation is well within the
95% CI as determined in the study by Gayther et al. (4).
Moreover, Thompson et al. (6) showed that families with a
mutation in the 50 region of BRCA1 (upstream of nt 2401,
codon 800) are also characterized by a decreased ovarian to
breast cancer ratio.
Thus, in view of the above studies, the BRCA1 gene can be
subdivided in three fragments, mutations in the middle of
which, delimited by nt 2401–4191, result in the highest ovarian
to breast cancer ratio (Fig. 1). This may indicate that truncated
proteins partly encompassing the functional domains located in
the central part of a mutant BRCA1 exert more deleterious
effects on ovarian then breast tissue homeostasis. Alternatively,
mutations at the 50 and 30 end fragments of BRCA1 may result
in unstable polypeptides when compared with truncating
mutations in the central fragment. A comparable situation has
been described for the adenomatous polyposis coli (APC)

tumor suppressor gene where mutations in the extreme 50 end
and in the 30 half of the gene result in attenuated or atypical
familial adenomatous polyposis (AFAP or AAPC), a FAP
phenotypic variant characterized by a reduced polyp multiplicity and delayed age of onset. In this case, it was shown that
AAPC mutations either result in nearly full-length proteins by
internal initiation (50 mutations) or in unstable mRNAs and/or
truncated proteins (30 mutations) (7–9). This emphasizes the
need to study the effect of BRCA1 mutations at the protein level
in order to refine genotype–phenotype correlations.
Finally, BRCA1 studies with smaller cohorts showed that
tumours from families with extreme 50 or 30 mutations have a
higher proliferative index, whereas tumors from families with
mutations 30 to the RING finger domain are characterized by
decreased incidence of somatic mutations in p53 (10,11) (see
below and Fig. 1).

Brca1 GENOTYPE–PHENOTYPE
CORRELATIONS IN MOUSE MODELS
Similar to the situation in man, genotype–phenotype correlations can be established in Brca1 mouse models, notwithstanding the lack of clear-cut tumor susceptibility in the latter

Downloaded from http://hmg.oxfordjournals.org/ at Medical Research Council on July 20, 2012

Figure 1. Genotype–phenotype correlations in mice and men. Wild-type human and murine BRCA1 is depicted in the middle, with the RING finger domain in red,
the exon 11-encoded part of the protein in blue and the BRCT repeats in yellow. In the upper part the genotype–phenotype correlations described for human
families are given. The lower part shows the four categories of targeted Brca1 mouse models (see text) with their predicted resulting proteins and phenotypes.
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Figure 2. Overview of BRCA1-binding proteins. The RING finger is indicated
by the red bar, whereas the blue and yellow bars represent the part of the protein
encoded by exon 11 and the BRCT repeats, respectively. The filled boxes below
the schematic representation of the full-length protein indicate the regions in
BRCA1 where specific proteins bind. In general, proteins with a clearly defined
function in DNA repair are depicted in green, while orange indicates a function
in transcriptional regulation. The mixed color of p53 indicates close involvement in both processes. For CHK2, ATR and ATM, green bars indicate the
positions of residues phosphorylated by the respective kinase.

different developmental defects characteristic of each targeted
mutation strongly suggest that at least some of these alleles are
hypomorphic and affect Brca1 function in different fashions.

FUNCTIONAL DOMAINS IN BRCA1
To understand how the above phenotypic differences arise, the
functional domains found along the BRCA1 protein must be
taken into consideration. As previously reviewed (24–26), the
main function of BRCA1 is likely to be the control of genomic
integrity and/or the transcriptional response to DNA damage.
BRCA1’s putative role in chromosome remodeling (27) may
also be related to both these processes. Notably, the functional
domains suggestive for a role in DNA repair are clustered
around exon 11, while motifs involved in transcriptional
regulation appear to mainly cluster within the C-terminal
BRCT repeats (Fig. 2).
Exon 11 encompasses the interaction domains with RAD51
(28), the RAD50 complex (29), FANCA (30) and two out of
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animals. Homozygosity for all but one of the targeted Brca1
mutations results in embryonic lethality at different developmental stages; this phenotypic variability is likely to be related
to the specific Brca1 genotypes. Several different mouse
models have been generated, which can be grouped into four
classes (Fig. 1). When trying to understand the effects of
different mutations in Brca1-mutant mice, one should take into
account that exon 11, the largest Brca1 exon that encompasses
63% of the coding sequence and many of the known functional
domains, is alternatively spliced in a broad spectrum of tissues.
The majority of targeted null alleles (here referred to as
Brca1null) will affect both exon 11-deficient and -proficient
variants. This is the case of Brca1 mouse models carrying
deletions of exon 1–2 (12) and exon 5–6 (13). The antisense
insertion of a neomycin resistance gene within exon 11 as
reported by Liu et al. (14) is expected to result, analogous to
the situation in Apc mouse models (15–17), in only residual
amounts of the predicted mutant protein. However, this can
only be confirmed by detailed biochemical analysis of mutant
mouse cells. Likewise, it is at present not clear whether this
targeted mutation also affects the Brca1 mRNA species that do
not encompass exon 11.
The second class of targeted alleles features a mutation 30 of
exon 11, thereby also affecting both exon 11-deficient and exon
11-proficient forms. This is represented by the Brca11700T
mouse model that we have generated by inserting the neomycin
gene within exon 20 in the sense orientation (18).
Mice carrying targeted deletions of exon 11 form the third
group (Brca1D11). Xu et al. (19) generated such an allele by
flanking exon 11 with LoxP sites and breeding the corresponding animals with a ubiquitous EIIA-Cre transgene.
Finally, a fourth category is represented by mice where a
truncating mutation was targeted within exon 11, thereby
affecting the exon 11-proficient isoform only and leaving the
exon 11-deficienct form intact. The Brca1Tr mouse model has
been obtained by inserting a loxP site within exon 11, leading
to an in-frame stop codon at amino acid 924 (20).
Two additional models have been generated using constructs
aimed at the deletion of the intron 10–exon 11 splice acceptor
region. Possibly due to subtle differences in the targeting
constructs, this approach has led in one case to a null (21), and
to a D11 allele in the other (22).
As mentioned above, the majority of the Brca1 mouse
models are homozygous lethal. However, the exact causes and
developmental stage of their embryonic lethality appear to
differ among the different targeted alleles. Brca1null models die
around 6.5–7.5 d.p.c. because of a block in the cell cycle.
Brca11700T/1700T embryos die at 9.5–10.5 d.p.c. due to widespread apoptosis, although growth delay can be observed from
as early as 7.5 d.p.c. The exon 11-deficient mice die late in
gestation (12.5–18.5 d.p.c.) owing to apoptosis and neuroepithelial abnormalities (exencephaly). Finally, the exon 11
truncating mutation in the Brca1Tr model is compatible with
adult life. Interestingly, 85% of the homozygous Brca1Tr mice
develop tumors in different tissues.
It should be emphasized that, since antibodies recognizing
murine Brca1 became available only recently (23), it is not yet
clear whether the mutant proteins predicted to result from these
targeted Brca1 mutations are stably expressed. However, as is
the case with the human genotype–phenotype correlations, the
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Since the p53-binding domain is retained in Brca11700T, p53
may still bind to the mutant protein and, in the absence of the
Brca1 C-terminal co-activation domain, become sequestered in
an inactive complex.
Lethality of Brca1D11/D11 embryos occur at 12.5–18.5 d.p.c.
(19,22), thus showing that the Brca1D11 protein retains the
functional domains that allow normal embryonic development
beyond 6.5 d.p.c., the time at which lethality is observed in
Brca1null embryos. Accordingly, it has been shown that the
Brca1D11 protein can still localize to the nucleus and form the
characteristic Brca1 nuclear speckles during S-phase and after
DNA damage. Notably, formation of Rad51 speckles is
disturbed in these Brca1 mutant cells (23). Also, homologydirected DNA repair is disturbed in Brca1D11/D11 ES cells, but
non-homologous end joining is unaffected, or possibly even
increased (57). This might suggest that the resulting accumulation of DNA damage in the Brca1D11/D11 cells is less than in
Brca1null/null, and insufficient for the early (6.5 d.p.c.) activation
of the p53-dependent checkpoint. Interestingly, Tp53 haploinsufficiency (Brca1D11/D11/Tp53þ/) rescues the late Brca1D11/D11
lethality to post-natal viability (19). This suggests an explanation for the viability of the Brca1Tr/Tr mice described by
Ludwig et al. (20). As mentioned before, in this mutant the
exon 11-deficient splice variant is unaffected, potentially
circumventing the 6.5 d.p.c. embryonic lethality as in the case
of Brca1D11/D11. Moreover, the truncated exon 11-proficient
isoform may partially inactivate p53 in a dominant-negative
fashion as suggested for Brca11700T, and, as in Brca1D11/D11/
Tp53þ/, rescue the embryos to post-natal viability.

DISCUSSION
The genotype–phenotype correlations observed at the human
BRCA1 gene may also be explained by similar models, as
discussed above. Most likely, the primary outcome of loss of
BRCA1 function in tumors is, both in mouse and man, the
accumulation of DNA damage and the altered transcriptional
response to it. However, whereas in Brca1 mutant mice loss of
this function leads to a p53-dependent cell cycle block, in the
developing tumor loss of the p53 response to DNA damage will
represent a selective growth advantage. Accordingly, it was
shown that BRCA1-mutant tumors often carry somatic p53
mutations (58).
Genotype–phenotype correlation between specific BRCA1
mutations and organ-specific tumours is less obvious. The
Brca1Tr model is the only conventional mouse model that is
cancer-prone, although the tumor spectrum found in these mice
is much broader than it was observed in families with BRCA1
mutations. Rather than trying to accommodate the tumor
spectrum of this model with the differences in ovarian to breast
cancer ratio among carriers of different BRCA1 gene mutations,
we believe that the putative dominant-negative effects of
truncated BRCA1 proteins on p53 function, similar to that
postulated for Brca11700T, may explain the genotype–phenotype
correlation reported by Sobol et al. (11). All of the tumors (5/5)
arising in patients with 50 BRCA1 germline mutations acquire
somatic loss of p53, whereas only 21% (3/14) of the tumors
with 30 mutations have similar p53 loss (P ¼ 0.0048, note that
a clear demarcation for the two phenotypes could not be given
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three domains responsible for the interaction with MSH2 (31).
Moreover, several of the residues phosphorylated upon
different types of DNA damage by Chk2 (32), ATR (33) and
ATM (34) lie within exon 11.
The C-terminal region was identified in vitro as a transcriptional co-regulator (35,36), with some specificity for p53
(37,38) and STAT1 (39) co-activation. Also, the transcriptional
co-activators p300 and CBP bind both the N- and C-terminal
BRCA1 regions (40), while the transcriptional repressor CtIP
binds the C-terminal BRCT repeats (41–43). The interaction
with the RNA polymerase II holoenzyme complex (44) might
occur via the BRCT repeats-binding RNA helicase A (45).
The functional demarcation between the repair and transcription-related motifs in BRCA1 may not be as clear-cut as
suggested by the above studies. In fact, different domains in
different part of the protein might have common, coordinated
functional roles. For instance, while the C-terminus is a p53 coactivator, p53 itself was shown to bind to the first part of exon
11 (37,38). Also, the estrogen receptor, negatively regulated by
BRCA1, binds to amino acids 1–300 and 428–683 (46–48).
This estrogen receptor-inhibiting effect is mediated by p300
(49), which on its turn binds residues 1–303 and amino acids
1314–1863 in BRCA1 (40).
BRCA1 was also found to associate with the SWI/SNF
chromosome-remodeling complex through its interaction with
BGR1 (27). However, the SWI/SNF complex is also involved
in p53 coactivation (50), a function also attributed to the
BRCA1 C-terminus. Finally, the protein encoded by the
Fanconi anemia gene FANCA, which binds BRCA1 amino
acids 740–1083, also interacts with the SWI/SNF complex via
BGR1 (51).
The N-terminal RING finger has been functionally identified
as an E3 ubiquitin ligase and, although former proof has not
been shown yet, the nuclear colocalization of BRCA1 and
FANCD2 and the DNA damage-dependent ubiquitination of
the latter suggests that this function is linked to DNA damage
repair (52).
Together, the putative roles of BRCA1 in DNA repair and
transcriptional regulation might explain the different phenotypes observed among different Brca1 mouse models.
Complete or partial loss of DNA repair function may account
for the observed early embryonic lethality in the Brca1null
models. The developmental defects observed in these embryos
closely resemble those of Rad51/ and Rad50/ mutant mice
(53,54). At this stage of embryonic development, the onset of
gastrulation at 6.5 d.p.c., mouse embryos are extremely
sensitive to dsDNA damage and respond to it by triggering
p53-dependent apoptosis (55). Accordingly, the early phenotype of both Brca1null/null and Rad51/ embryos is partially
rescued until 9.5–10.5 d.p.c. in a Tp53/ background
(12,53,56), showing that their early lethality is p53-mediated.
Notably, the phenotype of Brca1null/null/Tp53/ embryos is
remarkably similar in timing and gross morphology to that
described for Brca11700T/1700T embryos (18). Growth retardation was observed in this model as early as 7.5 d.p.c., although
lethality did not occur until 10.5 d.p.c. This suggests that the
primary defect in Brca1null and Brca11700T may be the same,
but that in the latter model the p53-dependent developmental
block is somehow bypassed. Possibly, the truncated Brca11700T
protein exerts a dominant-negative effect on p53 function.
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resulting from selective pressure on the residual activity
of truncated proteins (65–67). Additionally, haploinsufficiency
at tumor suppressor loci can have a bigger impact then previously thought (68). Similar mechanisms might be operational
in BRCA1-related tumors as well. A full analysis of molecular
aberrations on both BRCA1 alleles in familial and non-familial
cases is needed to fully understand the functional role of
BRCA1 in breast cancer. Moreover, biochemical and functional
analysis of mutant BRCA1 protein found in human and mouse
tumors will allow the dissection of the pathways of DNA repair
and response to DNA damage affected in human hereditary
breast and ovarian cancer, essential for the development of
tailor-made preventive and therapeutic approaches.
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NOTE ADDED IN PROOF
Recently, using a humanized mouse model, Yang et al. (69)
showed that a missense mutation in the BRCA1 RING finger
domain leads to expression of a short truncated protein as a
result of disturbed splicing, functionally resulting in a null
mutation. This finding again strongly emphasizes the need to
study the effects of mutations in BRCA1 at the protein level.
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