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Molecular genetics of familial breast-ovarian
cancer

E J van Rensburg, B A J Ponder

Breast cancer is a common malignancy in
women and although the great majority are due
to acquired mutations, there is now un-
equivocal evidence that approximately 5% of
breast cancer cases may be due to an inherited
predisposition. Family studies have identified
clustering of breast and/or ovarian cancer con-
sistent with autosomal dominant inheritance.'3
Many epidemiological studies show that the
risk of breast or ovarian cancer in the relatives
of patients with breast or ovarian cancer is
higher than in the general population.
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Evidence for genetic predisposition
Numerous case-control studies of familial risks
of breast cancer have been carried out, but by
far the largest published one is that based on

the Cancer and Steroid Hormone (CASH)
study (conducted by the Centers for Disease
Control).4 Key findings of this study are that
the risk of breast cancer in relatives of patients
with breast cancer increases with decreasing
age of the index case, and is greater for women
with several affected relatives than for women
with one affected relative. Using the family
history data of 4730 breast cancer probands
from the CASH study, Claus et al5 performed
a segregation analysis of a hypothesised breast
cancer susceptibility locus and found that fa-
milial clustering of breast cancer could best be
explained by the inheritance of an autosomal
dominant gene with a population frequency of
0-0033. This dominant gene confers a cumul-
ative risk of breast cancer of 38% by 50 years
of age and 67% by 70 years of age in gene
carriers, compared with 1-5% by 50 years of
age and 5% by 70 years of age in non-carriers.
In this model more than one third of the breast
cancer, cases diagnosed before 30 years of age
are estimated to be due to the susceptibility
gene. This contribution falls to about 1% of
cases diagnosed over the age of 80 years.5
Similar models have been obtained by other
authors.67 Ovarian cancer, which has an in-
cidence of about one fifth of that of breast
cancer, also has a familial component2 and is
sometimes associated with familial breast can-
cer.3 The risk of ovarian cancer is moderately
increased in relatives of women with breast
cancer and vice versa.38 This observation sug-

gests the existence of a gene predisposing to
both breast and ovarian cancer.

Although the epidemiological data are con-
sistent with a single major gene effect in both
breast and ovarian cancer, it is clear that several
predisposing genes are involved (that is, genetic
heterogeneity) (discussed later). At least two
other familial syndromes have been identified
for which an increased risk ofdeveloping breast
cancer is well established: the Li-Fraumeni
syndrome, a rare autosomal dominant cancer
syndrome involving childhood sarcomas, early
onset breast cancer, brain tumours and a num-
ber of other cancers,9 and ataxia telangiectasia,
a rare autosomal recessive disease in which
homozygotes develop a progressive cerebellar
ataxia, hypersensitivity to ionising radiation and
a striking predisposition to cancer.'0 It is now
well established that ataxia telangiectasia het-
erozygotes have an excess risk of cancer in
general and breast cancer in particular.'0

Searching for the predisposing gene(s)
GENETIC LINKAGE
Provided that multiple case families are avail-
able and that the inherited predisposition in
any one family is due largely to the effects of
a single gene, it is possible to search for the
predisposing gene using genetic linkage
analysis." Linkage mapping is dependent on
the availability of useful DNA linkage markers
(sequences) positioned beforehand on a refer-
ence map of a specific chromosome.
Linkage analysis is based on the ability to

find DNA markers of known chromosomal
location that are consistently co-inherited with
the disease state (taken to represent the pres-
ence of the disease gene) in affected families.
Ifthe DNA marker and disease gene are located
close together on the same chromosome they
will tend to be inherited together and are said
to be "linked" (fig 1A). However, parental
chromosomes become closely apposed at mei-
osis and exchange (crossing-over) of chro-
mosomal material between the chromosomal
homologues can occur, so that the marker and
disease gene will part in some offspring, known
as "recombinant" individuals (fig 1B). Thus,
the closer together a marker and disease gene
are on the same chromosome the less will be
the chance of crossing-over.
The probability that the observed inheritance

pattern of the marker and disease could have
occurred because they were physically linked
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Figure 1 Illustration of linkage (A) and recombination (B) of a marker locus and disease gene. In panel A the disease
gene and marker locus are nearby on the same chromosome and co-segregate (are inherited together), thus showing
linkage. In panel B the disease gene and marker locus are far apart on the same chromosome with no linkage and thus
segregate independently of each other.

(at a specified distance) on the same chro-
mosome is calculated and expressed as a ratio
relative to the probability that the same result
would have been observed if the marker and
disease gene were unlinked (that is, inheritance
occurred by chance alone). This ratio expresses
the odds for (or against) linkage and because
the logarithm of the ratio is used it is known
as the "LOD score" (logarithm of the odds).
A LOD score of >3 is considered proof of
positive linkage (odds of 1000:1 in favour of
linkage). For a more detailed discussion of
linkage analysis the reader is referred to Ott."

Linkage analysis has been revolutionised with
the advent of microsatellite markers which are
readily typed using the polymerase chain re-
action (PCR). 2 These markers are sequences
containing di-, tri-, and tetra-nucleotide repeats
which are frequently highly polymorphic and
often possess dozens of alleles. " The variable
repeat region can be amplified by PCR using
unique flanking primers followed by analysis of
the length of the PCR products on denaturing
polyacrylamide gels. Members of a family with
inherited breast cancer can thus be typed for
polymorphic markers, and haplotypes (that is,
groupings of alleles carried on homologous
chromosomes (fig 2)) deduced, which are then
used to determine whether the disease is se-
gregating with a specific marker. This is done
by calculating LOD scores for each of the
markers relative to the inheritance of breast
cancer.
Using a highly polymorphic marker,

pCMM86, defining the locus D 17S74 on chro-
mosome 17q, Hall et al'4 found significant
evidence of linkage between breast cancer and
the marker in 23 multiple case breast cancer
families. This was the first convincing local-

isation of a breast cancer gene by genetic link-
age. However, there was significant evidence
of heterogeneity with linkage confined to those
families with a mean age of onset of less than
46 years (LOD score 5 98). Subsequent re-
analysis allowing for sporadic cases (as breast
cancer is so common, these families may con-
tain a proportion of sporadic cases) showed
that evidence against linkage in the later-onset
families was no longer significant.'5 In these
families the occurrence of breast cancers un-
related to the inheritance of the predisposing
gene had given the spurious impression that
the families were unlinked. Confirmation of
linkage to 17q in five families with multiple
cases of both breast and ovarian cancer was
provided by Narod et al. 16 This study also found
evidence of genetic heterogeneity with linkage
restricted to three of the five families tested.
This breast-ovarian cancer predisposing locus
is now known as BRCAl.'7

In order to expand the linkage evidence on
1 7q in breast and breast-ovarian cancer
families an international linkage consortium
analysed 214 families using a panel of six
polymorphic markers in the region of the
BRCA1 gene.'8 Based on their genotyping res-
ults, it was estimated that 45% of families
with breast cancer only, and virtually 100% of
families which contained breast cancer and at
least one ovarian cancer case, were linked to
17q. The distinction between 17q linked and
unlinked breast cancer families could not en-
tirely be explained by age of disease onset,
although it did appear that a greater proportion
of families with early-onset disease were linked
to chromosome 17q. The unlinked families are
either predisposed at another locus (there is
genetic heterogeneity) or, given the high rate
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Figure 2 Pedigree of a family with inherited breast and ovarian cancer illustrating a recombination event. The family members have been typed for
each of the five polymorphic marker loci D17S858, Dl 7S859, D17S78, D17S183 and Dl 7S579 on chromosome 17q. Haplotypes (groups of alleles
carried on each of the homologous chromosomes) have been deduced and inheritance of the cancer appears to be linked to the region defined by loci
D1 7S858 and Dl 7S859 (haplotype 3, 2). Recombination, marked by "X" (in individual II-1 and passed on to individuals III-1 and III-2),
eliminates loci distal to D1 7S859. This therefore places the gene proximal to D1 7S859.

of sporadic breast cancer, may represent co-

incidental occurrence of breast cancer in rel-
atives. However, some of these unlinked
families are so large that they demonstrate
genetic susceptibility. Furthermore, no breast
cancer families containing male breast cancer

cases have been linked to BRCA1. In a recent
study of 22 families with at least one case of
male breast cancer, Stratton et all9 found strong
evidence against linkage to BRCA1, indicating
that there is a gene other than BRCA1 which
predisposes to early-onset breast cancer in
women and which confers a higher risk of male
breast cancer.

By examining recombinants in extended
pedigrees which show clear evidence of linkage
to a given locus, one can narrow down the
region which is genetically linked to a disease
gene (fig 2). In this way the Consortium study
localised BRCA1 to an interval flanked by
markers mfdl5 (D17S250) and 42D6
(D17S588). More recent typing of other mark-
ers in informative recombinants in linked famil-
ies has helped to delineate the critical region
containing BRCA1 further (fig 3). The prox-
imal boundary has been demonstrated to be
below D17S77620 and D17S702.2' With regard
to the distal flanking markers, it has been shown
that BRCA1 is proximal to D17S18322 and
D1 7S78.23
With the narrowing of the minimal region

containing BRCA1, most of the already known
potential candidate genes for BRCA1 which
map to this chromosomal interval have now

been excluded by linkage. The last of these,
the gene for 17 1-oestradiol dehydrogenase
(EDH17B2), was excluded by direct se-

quencing of the entire gene, including all the

introns and 867 bases upstream from the first
exon, in four unrelated affected women from
families with linked breast-ovarian cancer.23
No sequence abnormalities were detected,
other than previously described poly-
morphisms. Kelsell et al24 obtained similar res-

ults after sequencing three affected members
of a large breast-ovarian cancer family. Muta-
tions in the EDH17B2 gene, therefore, do not
appear to be responsible for the hereditary
breast-ovarian cancer syndrome. It now seems

most likely that BRCA1 is a new gene which
has yet to be identified.

ALLELE LOSS

Two categories of genes are thought to be
involved in the pathogenesis of cancer-that is,
proto-oncogenes and tumour suppressor
genes.25 Genetic damage (mutation) of a proto-
oncogene leads to altered activity or increased
expression of the corresponding protein prod-
uct which can contribute to abnormal growth
of cells. This gain of function mutation is seen
as dominant acting in the sense that the mut-
ated allele is dominant (that is, overriding)
over the normal allele. By contrast, tumour
suppressor genes, which are believed to be
involved in the normal suppression of cellular
proliferation, are commonly inactivated in tu-
mours (loss of function mutations).26 Tumour
suppressor gene mutations are recessive to the
normal allele thus necessitating the inactivation
of the second wild-type allele for tumour
formation26-the two hit mechanism proposed
by Knudson27 and first confirmed in re-

tinoblastoma.
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Figure 3 Schematic representation ofpolymorphic markers on chromosome 1 7q linked to familial breast and ovarian
cancer. Various studies of recombinant individuals have narrowed down the region which contains BRCA 1 to between
Dl 7S776 and Dl 7S78.

The essential features of Knudson's two hit
model are that in the familial form of cancer

the affected person inherits a mutated loss of
function allele from one parent (which means

that there is only one copy of the normal gene
present in all cells), and then a somatic muta-
tion in the target tissue inactivates the normal
allele inherited from the other parent. In non-

hereditary cancers both inactivating mutations
have to occur within the same somatic cell.
Malignancy is therefore likely to be a more

frequent occurrence in those individuals who
carry a heterozygous mutation in their germline
(that is, predisposition to cancer). Inheritance

Blood
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of the predisposition follows a dominant pat-
tern even though it is transmitted by recessive
mutations.

In the inherited forms of cancer (such as

retinoblastoma), the second (somatic) muta-
tion that affects the normal (wild-type) allele
and uncovers the germline recessive mutation
is usually chromosome loss or deletion. This
results in the absence of genetic material in-
herited from one of the parents and can be
detected by the loss of heterozygosity (LOH)
for DNA markers at a specific chromosomal
locus in the tumour (fig 4).28 Consistent LOH
in tumours can be used as an indication of the
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large scale chromosomal
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Figure 4 Use of loss of heterozygosity in searching for suppressor genes. A pair of chromosomes which carry a locus for a

suppressor gene is shown. Loss of the second copy of the suppressor gene is accompanied by large scale loss of chromosomal
material from that region, which is detected as loss of one allele (b) at a marker locus on the chromosome. (Adapted from
Ponder29.)
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presence of a tumour suppressor gene and help
to identify the region of the chromosome which
may contain the gene. This approach was suc-
cessfully applied-for example, in identifying
the cyclin dependent kinase 4 inhibitor gene
(also known as p16 or as the multiple tumour
suppressor gene, MTS1). Because of the high
frequency of deletion at chromosome 9p, band
21 in malignant melanomas, gliomas, lung can-
cers, leukaemia, and many other cancer cell
lines it was suggested that this region may
contain a tumour suppressor gene which is
involved in the genesis of several tumour types.
Two research groups'03' independently in-
vestigated this region and managed to narrow
down the area by determining the most fre-
quently deleted region in 9p2 1. Subsequent
sequence analysis of the region led to the dis-
covery that deletions in the MTS1 gene were
responsible for these cancers.

This approach has been less useful in defining
the location of BRCA1. With regard to familial
breast-ovarian cancers, Smith et al'2 in a study
of four breast-ovarian cancer families with dis-
ease linked to chromosome 17q found allele
losses in the BRCA1 region in nine of the
13 tumours studied. Where allele losses were
detected they invariably involved the wild-type
(non-mutant) chromosome. This suggests that
BRCA1 is a tumour suppressor gene and that
inactivation or loss of both copies of this gene
is required for tumour development. An al-
ternative possibility is that BRCA1 is a dom-
inant predisposing gene which is very near a
still unknown tumour suppressor gene and that
the observed loss is not directed at BRCA1.
Although 60% of sporadic ovarian tumours

and 40% ofbreast tumours have allele losses on
chromosome 17,"3'4 narrowing of the BRCA1
region has not been possible as detailed map-
ping studies have not given clear results. A
number of studies have shown that there are
at least three regions of LOH on chromosome
17q.3336 Furthermore, we are left with the un-
resolved question ofwhy the best defined region
of LOH37 (close to BRCA1) does not appear
to coincide with the BRCA1 region suggested
by linkage. Interestingly, when LOH of chro-
mosome 17 is observed in ovarian tumours it
very frequently involves the entire q-arm or the
whole chromosome.3839

Practical applications
PRESENT GENETIC DIAGNOSIS
Although BRCA1 has not yet been cloned it is
now possible, within a few families which are
unequivocally linked to BRCA1, to identify
those women who may carry the mutation
before onset of cancer. This type of linkage
based analysis is presently limited to research
laboratories with access to extended families
in which analysis of many individuals with
chromosome 17 markers linked to BRCA1 pro-
vides sufficient information to identify gene
carriers with a high degree of certainty. The
risk of breast and ovarian cancer in carriers of
the BRCA1 mutation has been estimated and
applied in counselling women from high risk
breast-ovarian cancer families.4"2 Such pre-

symptomatic testing will make it possible to
focus on high risk individuals who can then be
rigorously followed. At the same time, family
members with a low risk can be identified, in
whom the frequency of examination can be
lowered.4' Currently, choices available to
women with a high risk of having inherited
the gene are surveillance (that is, breast self-
examination, annual examination by a spe-
cialist, mammography, vaginal ultrasound, and
CA125 tumour marker determination) and sur-
gery (prophylactic oophorectomy or mast-
ectomy).42" This approach has important eth-
ical and psychosocial implications which must
be carefully considered.404445

FUTURE APPLICATION OF GENETIC TESTING IN
DIAGNOSIS, PROGNOSIS AND TREATMENT
Cloning BRCA1 will permit more precise iden-
tification ofwomen at high risk as the sequence
of the gene will then be known and direct
determination of mutation(s) will be possible.
There will also be a much wider application in
small families.
At this stage it is unclear why certain women

in BRCA1 linked families develop breast cancer
and other women in the same family develop
ovarian cancer. Once the gene is cloned and
the variant sequences are known, it will be
possible to determine whether some mutant
alleles predispose to breast cancer only and
others predispose to both breast and ovarian
cancer.

Important for clinical management of
patients will be the association of genetic al-
terations with prognosis. The correlation be-
tween region or type of mutation and severity
of disease have been illustrated in other cancers
and have practical implications with regard not
only to prognosis but also to treatment. In the
future, knowledge of the gene sequence and
the mutations may make it possible to devise
treatment directed against, or to replace, the
altered gene product(s).

Other genes
In addition to those families in which breast
cancer development is the dominant feature,
there are two syndromes where increased risk
for breast cancer is also found: Li-Fraumeni
syndrome and ataxia telangiectasia.

LI-FRAUMENI SYNDROME
Germline mutations in the p53 tumour sup-
pressor gene on the short arm of chromosome
17 have been implicated in the development
of a wide range of malignancies,46 including a
small proportion of breast cancers.47 Germline
mutations within the p53 gene account for
at least 50% of the families who suffer from
Li-Fraumeni syndrome,48 a familial pre-
disposition to early-onset breast cancer, soft
tissue sarcomas, brain tumours, osteosarcomas,
and other neoplasms.9 Transmission of the Li-
Fraumeni syndrome is autosomal dominant
and members of these families usually have one
mutant p53 allele and one wild-type p53 allele.
Those individuals who develop cancer retain
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the mutant allele and lose the wild-type p53
allele in their tumour tissues, indicating that
the inactivation of p53 is important in the
development of cancer.
The p53 protein is a transcription factor

which appears to be involved with the pro-
gression of the cell through the Gl/S phase
checkpoint in the cell cycle.49 Normal p53 acts
as a monitor of genomic stability-if DNA is
damaged p53 switches off replication to allow
for repair. Although Jolly et a150 recently re-
ported a splice-site mutation in seven members
of a breast-ovarian cancer family, four ofwhom
have developed breast, ovarian or choroid
plexus tumours before age 35 years, no clear
associations between germline p53 mutations
and inheritance of breast cancer, in families
with a strong history of breast cancer, have
been made.51 52 This suggests that familial
breast cancer is not usually due to inheritance
of p53 mutations.

ATAXIA TELANGIECTASIA
Ataxia telangiectasia is an autosomal recessive
disease characterised by progressive cerebellar
ataxia and oculocutaneous telangiectasia.
Affected patients have an increased risk of de-
veloping cancer and asymptomatic hetero-
zygous family members are also at increased
risk of developing several types of cancer, espe-

cially breast cancer.'053 There are four ataxia
telangiectasia complementation groups (A, C,
D, and E) with groups A and C comprising
83% of cases. The gene for ataxia telangiectasia
complementation group A has been mapped to
chromosome 1 1 q23,54 but has not been cloned.
Various studies have failed to detect linkage
between the ataxia telangiectasia gene and fa-
milial breast cancer.5556 It is probable, however,
that mutations in the ataxia telangiectasia
gene(s) contribute to breast cancer in the gen-
eral population but do not give rise to multiple
cases in one family, thus making it difficult to
detect using linkage analysis.

MALE BREAST CANCER
Little is known about the genes responsible
for predisposition to male breast cancer. Two
studies have shown the androgen receptor gene
to be involved in two families with male breast
cancer. Wooster et a157 reported a family in
which two brothers with breast cancer both
had germline mutations in the DNA binding
domain of the androgen receptor gene. This
association was subsequently confirmed in one
other family.58

Concluding remarks
At the present time four genes are known to
be responsible for inherited susceptibility to
breast cancer: BRCA1, p53, ataxia te-
langiectasia gene(s), and the androgen receptor
gene. Evidence from linkage and population
studies suggests that these genes may account
for approximately half of the observed familial
clustering of breast cancer.8 Other genes which
confer a predisposition to breast cancer have
yet to be identified.

With the present knowledge of BRCA1, and
using linkage analysis, it is possible to identify
individuals at high risk of carrying a BRCA1
mutation in a few extensive families, and for
these individuals, genetic counselling can be
given. In the future when the predisposing
genes have been cloned new opportunities for
diagnosis and treatment will become possible.

Note added in proof
BRCA1 has recently been cloned by Miki et
al.59 It is a large gene composed of 22 exons
(containing 5592 nucleotides) spread over ap-
proximately 100 000 bases of genomic DNA
adjacent to the locus D17S855. The protein
sequence (1863 amino acids) contains a zinc
finger domain in its amino-terminal region, but
is otherwise unrelated to previously described
proteins. This zinc finger motif is often found
in proteins which act as transcription factors
(which regulate the transcription of DNA into
mRNA). This suggests that BRCA1 may have a
role in DNA transcription. The initial evidence
that this gene was BRCA1 hinged on the dis-
covery of mutations in the gene in five families
who had previously shown strong linkage to
17q markers. This was later verified by several
groups.60-62 Mutations have been found in
many different regions of the gene, 70% of
which result in the loss or premature ter-
mination of the BRCA1 protein. This seems
to be consistent with the idea that BRCA1 is
a tumour suppressor gene. Because the muta-
tions are scattered throughout the gene, screen-
ing women on a large scale (if it becomes
appropriate in the future) will be technically
difficult. Added to this is the surprising finding
by Futreal et a163 that no somatic BRCA1
mutations occur in sporadic breast and ovarian
cancers. This implies that BRCA1 mutations
may be relatively unimportant in sporadic can-
cers. At present, prospects for large scale
screening of BRCA1 mutations look dim.
At the same time that BRCA1 was cloned

another genomic linkage search located a new
breast cancer susceptibility gene, BRCA2, on
chromosome 13q12-13.64 Allele losses in spor-
adic tumours suggest that BRCA2 may also be
a tumour suppressor gene. If candidate genes
on chromosome 13 are excluded, further po-
sitional cloning research will have to be carried
out to clone BRCA2.
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