
Although the last decade has seen many im-
portant advances in understanding genetic
susceptibility to breast cancer, there remains
much to learn. Unanswered questions in-
clude the number and nature of genetic
variants that predispose women to breast cancer, the interplay be-
tween those variants and environmental factors, and the optimal
use of that information to reduce both the personal and social costs
of breast cancer. Germline mutations in BRCA1 and BRCA2 and a
few other rare variants account for only 15–20% of breast cancer
that clusters in families and less than 5% of breast cancer overall. So
what are we looking for, how can we find it and how will we best use
the information, once available?

The most widely accepted model of breast cancer susceptibility is
that it is due to a small number of highly penetrant mutations (such
as in BRCA1 and BRCA2) and much larger number of low-pene-
trance variants (Fig. 1). Interaction between these genetic variants
and environmental exposures is also important. Current efforts are
aimed at identifying and characterizing these variables, but the
complexities of these studies are considerable. Here we review what
is known about genetic variants that predispose to breast cancer and
consider ongoing efforts to identify additional high- and low-pene-
trance susceptibility genes.

High-penetrance mutations in known susceptibility genes
Germline mutations in BRCA1 have been identified in 15–20% of

women with a family history of breast cancer and 60–80% of
women with a family history of both breast and ovarian cancer1,2.
Female mutation carriers have a lifetime breast cancer risk of
60–80% (refs. 3,4), although penetrance estimates as low as 36%

have been reported in a series of Jewish
breast cancer cases selected without regard
to family history5 (Fig. 1). The median age of
diagnosis in mutation carriers is 42 years,
more than 20 years earlier than the median

for unselected women in the US and Western Europe6. Lifetime
ovarian cancer risks are estimated at 20–40%, but, unlike breast can-
cer, age-specific penetrance is not heavily skewed toward early onset
disease7,8. Increased risk5 for prostate and colon cancer have also
been reported, with relative risks of 4.1 and 3.3, respectively9, and
BRCA1 mutations are found in excess in women with multiple pri-
mary cancers of any type who have both a personal and family his-
tory of breast cancer10.

BRCA1 is a large gene, with 22 exons encoding a 220-kilodalton
nuclear protein with a zinc-binding RING domain at the amino ter-
minus, and a conserved acidic carboxyl terminus11 that functions in
transcriptional co-activation12. The main downstream targets identi-
fied so far are p53-responsive genes, including p21 and BcIX13.
BRCA1 binds to BRCA2, p53, RAD51 and many other proteins in-
volved in cell cycling and DNA-damage response14,15 (Fig. 2a). The
involvement of BRCA1 in response to DNA damage is supported by
extensive data, including evidence that BRCA1 is phosphorylated by
the ataxia telangiectasia mutated (ATM) and checkpoint kinase 2
(CHK2) proteins in response to DNA damage16,17, that cells without
functional BRCA1 do not arrest in G2 after DNA damage and are de-
ficient in transcription-coupled repair18,19, and that BRCA1 is part of
the RAD50–MRE11–p95 complex, an essential component of re-
combination-mediated repair of DNA double-stranded breaks20.
Thus, specific involvement of BRCA1 in DNA-damage response
pathways is well-documented, but the specificity of cancer risk,
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mostly limited to breast and ovarian cancer, has not been explained.
The lifetime breast cancer risk for carriers of BRCA2 mutations also

is estimated to be 60–85%, and the lifetime ovarian cancer risk is es-
timated to be 10–20%. However, unlike the situation with BRCA1,
men with germline mutations in BRCA2 have an estimated 6% life-
time risk of breast cancer, representing a 100-fold increase over the
male population risk. BRCA2 mutations also may be associated with
an increase in colon, prostate and pancreatic cancers, gallbladder
and bile duct cancer, stomach cancer and malignant melanoma21.
The Ashkenazi founder mutation 6174delT seems to be an example
of a low-penetrance breast cancer mutation, with estimates as low as
28% (ref. 22).

BRCA2 is even larger than BRCA1, with a 10.3-kilobase open read-
ing frame encoding a 384-kilodalton nuclear protein. BRCA2 bears
no obvious homology to any known gene, and the protein contains
no well-defined functional domains23,24 (Fig. 2b). In fact, no BRCA2
missense mutations have been unequivocally designated as disease-
associated because of the paucity of data on functional domains.
BRCA2 binds to BRCA1 and to RAD51, indicating involvement of
BRCA2 as well in recombination-mediated repair of double-
stranded breaks and the maintenance of chromosome integrity25.
Moreover, mice homozygous for truncated BRCA2 grow poorly
compared with heterozygous littermates, do not produce germ cells
and develop thymic lymphomas. Mouse embryo fibroblasts (MEFs)
from BRCA2-null cells develop gross chromosomal abnormalities
within a few cell divisions, with spontaneous double-stranded
breaks, tri-radials and quadri-radials, again emphasizing the essen-
tial involvement of BRCA2 in genomic stability26–29. These abnor-
malities in BRCA2-deficient cells indicate a function for BRCA2 not
just in double-stranded break repair but also in chromosome segre-
gation, which requires an intermediate complex of chromosome as-
sociation that may be homology-mediated30.

STK11/LKB1 is a serine–threonine kinase; mutations in this gene
cause Peutz-Jegher syndrome (characterized by hamartomatous
polyps in the small bowel and pigmented macules of the buccal mu-
cosa, lips, fingers and toes) and are associated with a relative risk for
breast cancer of 20.3 compared with non-carriers31. Mutations in
phosphatase and tensin homolog (PTEN), a dual-specificity phos-
phatase, cause Cowden syndrome (adenomas and follicular cell car-
cinomas of the thyroid gland, polyps and adenocarcinomas of the
gastrointestinal tract, and ovarian carcinoma) and also are associ-
ated with a 20–30% lifetime risk of breast cancer32. Two germline

mutations in the androgen receptor gene have been reported as sus-
ceptibility alleles for male breast cancer, both in the zinc finger and
both in families with clinical evidence of androgen insensitivity, but
analysis of larger series has not identified additional mutations, indi-
cating that this is a rare cause of male breast cancer33,34. Finally,
germline mutations in p53 cause Li-Fraumeni syndrome. Initially
described as a syndrome of childhood leukemias, brain tumors,
adrenal carcinomas and soft tissue sarcomas, breast cancer pene-
trance in mutation carriers that survive childhood approaches 100%
(ref. 35). However, all of these susceptibility alleles are rare in the
population, with mutations in these genes accounting for a very
small fraction of heritable susceptibility for breast cancer.

One area of particular controversy has been the role of ATM mu-
tations in breast cancer susceptibility. Homozygous germline muta-
tions in ATM cause ataxia telangiectasia, an autosomal recessive
disorder characterized by cerebellar ataxia, oculocutaneous telang-
iectasias, radiation hypersensitivity and an increased incidence of
malignancy, including a lifetime risk for non-Hodgkin lymphoma
that approaches 100% and an increased risk of breast and ovarian
cancer36. Heterozygous mutations in ATM were initially thought to
confer an increased breast cancer risk, a finding that could be partic-
ularly relevant, given that ATM heterozygotes represent up to 7% of
the general population, and that screening mammography, a source
of ionizing radiation, could theoretically increase the penetrance of
such mutations37. Subsequent studies have been contradictory, and
the association remains controversial. Supporting the hypothesis are
data indicating that family members of ataxia telangiectasia patients
are at increased risk of breast cancer (relative risk, 1.5–9)38–40 and one
study showing an increased rate of ATM mutations in patients diag-
nosed with breast cancer before age 45 (ref. 41). In the latter study,
40% of cases had contralateral disease, and all had been exposed to
low-dose radiation at a young age. Refuting the hypothesis are sev-
eral studies showing that in women diagnosed with breast cancer
before age 40, ATM mutation frequency did not differ from con-
trols42–45. Similar findings were reported in a recent Norwegian study
of 150 breast cancer cases diagnosed before age 55 (ref. 46). These
data indicate that in the absence of additional exposures, any in-
creased breast cancer risk due to truncating mutations in ATM, if
any, is likely to be minimal.

The search for additional high-penetrance genes
Traditional linkage studies are still being used in the search for

Fig. 1 a, Penetrance estimates for breast cancer risk in women with
germline BRCA1 mutations vary depending on the population used for
analysis. A study for The Breast Cancer Linkage Consortium (BCLC) esti-
mated 87% penetrance using linkage results in a cohort of large families
with multiple affected women3. A lifetime penetrance of 56% was estimated
using Ashkenazi volunteers in Washington, DC, a cohort skewed toward the
presence of family history of breast cancer, but weighted less heavily toward
high-penetrance families than the BCLC family set4. A penetrance of 36%
was estimated based on consecutive Ashkenazi breast cancer cases with no
selection for family history5. These penetrance estimates could vary because
of genotype-specific effects, but another explanation is that there are modi-
fiers of breast cancer penetrance, both genetic and environmental. b, Breast
cancer can be divided into cases that occur in the presence (familial clusters)
or absence (sporadic cases) of other cases in female relatives. Familial clus-
ters range from large families with as many as half of the women affected
with breast cancer to a single first- or second-degree relative pair. Sporadic
cases may be isolated events or may be part of an unrecognized familial
cluster. In all cases, it is likely that both genetic and environmental factors
are involved, with the relative importance of each ranging from strongly ge-
netic, or strongly environmental.
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high-penetrance breast cancer susceptibility genes, with one recent
report indicating a locus for ‘BRCA3’ on chromosome 13q, distinct
from BRCA2 and Rb (ref. 47). However, overwhelming evidence
against this locus was found in a collection of 119 families with a lod
score at this locus of –33.0 (ref. 48). Although hampered by the pos-
sibility that additional genes are of lower penetrance than are
BRCA1 and BRCA2, and the likelihood that remaining families are
more heterogeneous than those used to identify BRCA1 and BRCA2,
these positional cloning efforts are greatly facilitated by the detailed
sequence information now available for the human genome. The
associated ordered set of polymorphic genetic markers is an essential
resource for initial gene localization and a denser map of markers
useful for fine mapping has become available through the Single-
Nucleotide Polymorphism (SNP) Consortium. Moreover, ‘in silico’
gene prediction efforts have become more sophisticated, and the
time-consuming task of experimental exon identification may soon
be of mainly historical interest.

So why can’t we find ‘BRCA3’, more than 6 years after the identi-
fication of BRCA1 and BRCA2? First, the clues afforded by other phe-
notypes in the families are missing: Ovarian cancer and male breast
cancer were recognized as component tumors of breast-cancer-sus-
ceptibility syndromes before either BRCA1 or BRCA2 were isolated,
allowing for targeted ascertainment of genetically homogenous
families. In addition, the likelihood of success using this approach is
enhanced if the families being analyzed have multiple cases of early-
onset breast cancer and strong evidence against involvement of
both BRCA1 and BRCA2. However, the larger the families are, the
more likely they are due to either BRCA1 or BRCA2 (ref. 49), and
those that are not may represent multiple susceptibility alleles (ge-
netic heterogeneity), reducing the power of linkage analysis.
Attempts have been made to cluster families using traditional
histopathological classifications, and although significant differ-
ences between sporadic breast cancers, those due to BRCA1 and
BRCA2 and those found in families without such mutations have
been found, the associations are not strong enough to use in strati-
fying linkage data50. Larger family sets to increase statistical power
are needed, as well as new ways to cluster families into subgroups
most likely to represent single-gene disorders. One such approach
being developed is the stratification of breast cancer families based
on a molecular profile of the associated tumors. These analyses can
use either expression profiling or array-based comparative genomic
hybridization, both providing unique molecular signatures. The first
example of this approach showed that transcriptional profiling
using cDNA arrays can separate sporadic tumors from those found
in women with BRCA1 mutations51. Nonetheless, hundreds of small

pedigrees may needed to localize ‘BRCA3’, fortunately aided by tech-
nological advances such as automated capillary-based fragment
analysis, making the analysis of large numbers of samples much
faster than during the search for BRCA1 and BRCA2.

High-throughput somatic mutation analysis for gene searches
The availability of the human genome sequence also makes possi-

ble a bold approach to cancer gene discovery based on high-
throughput analysis of somatic changes in sporadic tumors.
Strategies that detect gains and losses (both loss of heterozygosity
and homozygous deletions) as well as small intragenic mutations
have been central to cancer gene identification in the past, but now
we have the capacity to analyze thousands of tumors across the en-
tire genome. Although cost and technical problems remain obsta-
cles, techniques that move away from gel-based systems, using
capillaries or high-performance liquid chromatography platforms,
provide the high-throughput while maintaining specificity and sen-
sitivity.

Using these approaches, the Cancer Genome Project at The
Sanger Centre is designed to identify cancer-related genes based on
homozygous deletions in a comprehensive panel of more than
1,500 cell lines, as well as mutation analyses of every gene in the
human genome in a set of common primary tumors, including
breast cancers. This high-throughput approach, using the facilities
and expertise assembled for the sequencing of whole genomes,
should ultimately identify all genes that are frequently altered in
cancer. A subset of these genes will have predisposing germline mu-
tations, so these efforts will also provide a complete list of cancer-re-
lated genes to be screened through cancer families and large
case-control studies to fully define the basis of cancer susceptibility
due to mutations in moderate- and high-penetrance genes.

Low-penetrance cancer susceptibility genes
Although efforts to identify high-penetrance susceptibility alleles

continue, it has become apparent that much of the breast cancer
that clusters in families will not be explained by these mutations.
Using families with at least four cases of early-onset breast cancer,
67% of families with four or five cases of breast cancer were found to
be not linked to BRCA1 or BRCA2 (ref. 49) and other, more common
susceptibility alleles, by definition of lower penetrance, may be re-
sponsible for a large fraction of these families. In addition, two pop-
ulation-based series indicated that only 15% of the excess breast
cancer risk to sisters and mothers of the cases was attributable to mu-
tations in BRCA1 and BRCA2 (refs. 2,52). Finally, family history re-
mains a predictive factor for breast cancer risk in women without
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BRCA1 or BRCA2 mutations53. Thus, cumulative evidence indicates
that there are common elements of risk in the population that are
shared between women with breast cancer and their relatives, and
low-penetrance susceptibility alleles are prime candidates.

One of the implicit problems in isolating low-penetrance genes is
that such genes will rarely produce multiple-case families that can
be used in traditional linkage studies, making association studies a
more tenable approach. As large population-based case control stud-
ies are expensive and time-consuming, one approach has been to
evaluate candidate low-penetrance susceptibility genes as modifiers
of high-penetrance genes. In these studies, age of diagnosis in carri-
ers of BRCA1 and BRCA2 mutations is used as a surrogate for pene-
trance, and association of a genetic variant with a significant
difference between age at diagnosis is analyzed. Candidate ‘modify-
ing genes’ are selected on the basis of biological plausibility.
Candidate genes from many cellular pathways have been investi-
gated using this approach, including hormone metabolism, carcino-
gen detoxification, DNA-damage response and immune
surveillance. HRAS1 and the androgen receptor represent candidates
with evidence for modification of the BRCA1 phenotype.

The proto-oncogene HRAS1 encodes a protein involved in mito-
genic signaling. A ‘minisatellite’ of 30–100 units of a 28-base-pair re-
peat is located approximately 1 kilobase downstream of HRAS.
Individuals with rare alleles (population frequency, less than 5%)
have an increased risk of breast cancer54. An association study of car-
riers of BRCA1 mutations indicated that in women with one or two
rare HRAS alleles, the risk for ovarian cancer was increased 2.11-fold
over women with common alleles55. As this variant exists outside
the HRAS-coding region, it may be an example of a marker in link-
age disequilibrium with an adjacent, unrecognized gene, rather
than a variant with a direct effect on HRAS function.

In another study of carriers of BRCA1 mutations, women with at
least one long androgen receptor allele (more than 28, 29 or 30 CAG
repeats in exon 1) were diagnosed with breast cancer 0.8, 1.8 and 6.3
years earlier, respectively, than women with shorter alleles56. BRCA1
may interact with and can act as a co-activator of the androgen re-
ceptor promoter, providing a plausible explanation for the finding
that allelic variation in the androgen receptor affects breast cancer
penetrance in BRCA1 mutation carriers.57

Many other genetic variants have been tested, often with conflict-
ing results when evaluated by more than one group or when vari-
ants with an apparent effect in carriers of BRCA1/BRCA2 mutations
are tested in a conventional case-control cohort. Whether any of the
genes now being investigated will ultimately be viewed as low-pene-
trance susceptibility alleles remains to be determined, and consider-
able work remains in this area. Nonetheless, the recognition that
these genetic variants may be important in disease susceptibility is a
useful step forward.

The selection of candidate low-penetrance susceptibility genes is
inherently limited by what we now think of as biologically plausi-
ble. As there is relatively little information available about potential
candidates for breast-cancer-susceptibility alleles, an unbiased ap-
proach to define areas of the genome that may contain low-pene-
trance susceptibility alleles is very appealing.

Again using the hypothesis that genes that modify the penetrance
of BRCA1 and BRCA2 are good candidates for low-penetrance sus-
ceptibility alleles in general, non-parametric linkage analysis is being
used to identify genomic regions shared by women affected with
breast cancer (all with BRCA1 mutations) more frequently than
would be expected due to chance. To prioritize areas of the genome
to search for potential modifiers of BRCA1, data were used on re-
gions of chromosomal loss in breast cancers from carriers of BRCA1

mutations and selected for study both arms of chromosome 4 (4p,
64% loss; 4q, 81% loss) and 5q (86% loss), all of which had no more
than a loss rate of 11% in sporadic tumors58. Initial analysis did not
identify any significant candidate loci on chromosome 4; however,
it did provide modest evidence of a locus on 5q more commonly
shared by affected than unaffected women. This association was fur-
ther strengthened when only women with a breast cancer diagnosis
before age 45 were considered (K.N. & B.L.W., unpublished data).
This region can now be analyzed for known and predicted genes
that may be suitable candidates for traditional association studies.

These pilot data provide the basis for a complete genome-wide
search in a large set of relative pairs with BRCA1 mutations, and in-
dicate that other related approaches may yield useful results as well.
However, an essential component in the success of genome-wide as-
sociation studies is marker density, as the power of any association
test will decrease rapidly within a short distance of the gene of inter-
est (linkage disequilibrium effect), or with differences in the relative
allele frequency of flanking markers. A recent analysis of linkage dis-
equilibrium indicated that 500,000 single-nucleotide polymor-
phisms would be required for whole-genome studies (if linkage
disequilibrium does not extend beyond an average distance of 3
kilobases)59. However, these studies are becoming increasingly more
feasible with the availability of high-density single-nucleotide poly-
morphism maps and high-throughput genotyping, making such an
approach using large breast cancer case-control studies likely in the
near future.

Although it is unlikely that the final list of breast-cancer-suscepti-
bility alleles will be neatly divided into high- and low-penetrance
genes, and will more likely represent a spectrum of penetrance with
each modified by multiple gene–gene and gene–environment inter-
actions, it is now apparent that most familial breast cancer risk is not
accounted for by mutations in the high-penetrance susceptibility
genes BRCA1 and BRCA2. Thus, efforts are underway to identify ad-
ditional high- and low-penetrance genes. The search for other can-
cer-susceptibility genes, particularly prostate cancer-associated
genes, are beset with the same challenges of heterogeneity, the pos-
sibility of reduced penetrance, and many sporadic cases complicat-
ing ongoing linkage studies and producing conflicting results from
different groups. However, whereas the challenge of identifying
these genes is daunting, and the cost not trivial, the benefits will be
enormous. Management guidelines available for women with
germline BRCA1 and BRCA2 mutations appear to reduce the risk of
breast and ovarian cancer by at least 60% and 90%, respectively60.
Moreover, screening protocols targeted to high-risk women are
evolving, which will likely reduce the mortality of the tumors that
do occur. Finally, statistical models indicate that most of the risk of
breast cancer may occur in a minority of women61. Thus, as the ge-
netics of breast cancer are fully elucidated, tools will be developed to
indicate who to screen and how, as well as who may not need
screening, reducing health care costs and associated morbidity.
Preventative and therapeutic targets will also be developed that will
considerably reduce the incidence and mortality of breast cancer,
benefiting women, their families and society as a whole.
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