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Estimates of the Gene Frequency of BRCA I and Its Contribution
to Breast and Ovarian Cancer Incidence
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Summary

The majority of multiple-case families that segregate
both breast and ovarian cancer in a dominant fashion
are due to mutations in the BRCA1 gene on chromo-
some 17q. In this paper, we have combined penetrance
estimates for BRCA1 with the results of two population-
based genetic epidemiological studies to estimate the
gene frequency of BRCA1. On the assumption that the
excess risk of ovarian cancer in first degree relatives of
breast cancer patients and the breast cancer excess in
relatives of ovarian cancer patients are both entirely ac-
counted for by BRCA1, we estimate that the BRCA1
gene frequency is 0.0006 (95% confidence interval
[0.0002-0.001]) and that the proportion of breast can-
cer cases in the general population due to BRCA1 is
5.3% below age 40 years, 2.2% between ages 40 and
49 years, and 1.1% between ages 50 and 70 years. The
corresponding estimates for ovarian cancer are 5.7%,
4.6%, and 2.1%, respectively. Our results suggest that
the majority of breast cancer families with less than four
cases and no ovarian cancer are not due to rare highly
penetrant genes such as BRCA1 but are more likely to
be due either to chance or to more common genes of
lower penetrance.

Introduction

BRCA1, which increases susceptibility to both breast
and ovarian cancer, was localized to chromosome 17q
by genetic linkage in 1990 (Hall et al. 1990; Narod et
al. 1991) and has recently been cloned (Miki et al. 1994).
Linkage studies have shown that BRCA1 accounts for
almost all multiple case breast-ovarian cancer families
(Easton et al. 1993; Narod et al. 1995). BRCA1 muta-
tions confer a high lifetime risk of both cancers, but
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there is evidence that the risk of ovarian cancer is hetero-
geneous (Easton et al. 1995). A second breast cancer
gene, BRCA2, has recently been localized to chromo-
some 13q (Wooster et al. 1994). BRCA2 appears to
cause predominantly breast cancer, and the age-specific
breast-cancer penetrance of BRCA2 is similar to that
of BRCA1 (D. F. Easton and D. E. Goldgar, personal
communication).

In this paper, we use data from two population-based
studies of cancer mortality in the relatives of breast and
ovarian cancer patients (Easton et al., in press; Peto et
al., in press) to estimate the gene frequency of BRCA1.
We consider the contribution of BRCA1 to overall
breast and ovarian cancer incidence and to multiple case
families. The possible contribution of more common
genes of lower penetrance is also discussed.

Methods

Age-specific incidence rates of breast and ovarian can-
cer in BRCA1 mutation carriers were estimated from
the model described by Easton et al. (1995), which as-
sumes two BRCA1 susceptibility alleles, "type 1" com-
prising 89% of mutations and conferring a 26% risk of
ovarian cancer by age 70 years and "type 2" comprising
11% of mutations and conferring an 85% risk of ovar-
ian cancer by age 70. Both alleles confer a 76% risk of
breast cancer by age 70 years. Corresponding age-spe-
cific cumulative mortality rates for breast and ovarian
cancer were estimated by adjusting these incidence rates
by general population relative survival probabilities
(supplied for age at diagnosis in 10-year intervals and
time since diagnosis in 1-year intervals by the Thames
Cancer Registry). We assume here that the survival rates
for breast and ovarian cancer are similar in gene carriers
and noncarriers. The estimated cumulative ovarian can-
cer mortality by age 70 years (in the absence of other
causes of death) was 21% for the type 1 allele and 72%
for type 2. Both alleles were assumed to confer a breast
cancer mortality of 42% by age 70 years. Population
rates for England and Wales were used for incidence
and mortality rates in noncarriers.
These rates were then used to estimate the BRCA1

gene frequency from population-based studies of cancer
mortality risks in first-degree relatives of breast and
ovarian cancer probands (Easton et al., in press; Peto et
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al., in press). The probability that each breast cancer
proband was a BRCA1 mutation carrier (either type 1
or 2) was calculated from her age at diagnosis. The
probability, q1a, that a breast cancer proband diagnosed
in age group j has genotype I is given by the formula:

qj, ajfijGjj (1)
I am/mjGmj
m

where fA is the probability of being diagnosed with breast
cancer at the midpoint of age group j, in the absence of
an ovarian cancer risk or other causes of death, for an
individual with genotype I (I = 0 for noncarriers, 1 for
BRCA1 type 1 carriers, and 2 for BRCA1 type 2 carri-
ers). G1y is the probability that an individual with geno-
type 1 will not have died of ovarian cancer by the mid-
point of age group j, in the absence of a breast cancer
risk or other causes of death, and al is the proportion
of individuals of genotype I in the general population at
birth, so that ao = (1 _ p)2, al = (up)2 + 2ap(1 - up),
and a2 = 2p(1 - a)(1 - p), where p is the overall mutant
BRCA1 gene frequency, and a is .89, the assumed pro-
portion of BRCA1 mutations that are type 1. Similar
probabilities were calculated for ovarian cancer pro-
bands.
The probabilities lEijk that a relative in age group i of

a proband in age group j had genotype k were then
calculated from the formula:

ltijk = (x qjltlk)FkiGki , (2)

where tlk is the probability that a first-degree relative of
an individual with genotype I has genotype k at birth,
and Fki is the probability that an individual with geno-
type k will not have died of breast cancer by the mid-
point of age group i, in the absence of an ovarian cancer
risk and other causes of death. (Note that 7tijk decreases
for k = 1 and k = 2 as the age of the relative increases.)
Expected numbers of breast and ovarian cancer deaths
in female first-degree relatives were then computed in
the standard way using the Person Years program (Cole-
man et al. 1986), assuming national age- and period-
specific mortality rates for noncarriers (k = 0) and the
estimated mortality rates described above for carriers (k
= 1, 2).
The total predicted number of breast (ovarian) cancer

deaths in each cohort was then computed as:

E = I Ei1kni7Ek, (3)

where E,,k is the expected number of breast (ovarian)
cancer deaths for relatives of genotype k in age group i

of a proband in age group j. The gene frequency p of
BRCA1 was estimated from the study of cancer mortal-
ity in relatives of breast cancer probands as the fre-
quency required to make the total predicted number of
ovarian cancer deaths equal the observed number. An
independent estimate of the gene frequency was ob-
tained similarly from the study of cancer mortality in
relatives of ovarian cancer probands by requiring
BRCA1 to explain the observed excess of breast cancer
deaths.
The resulting estimate of the gene frequency for

BRCA1 enabled us to compute predicted numbers of
multiple case families due to BRCA1 or occurring spo-
radically in the population-based studies. For each
study, exit rates for all causes except breast or ovarian
cancer mortality were computed by summing age-spe-
cific cohort censoring rates and population death rates.
For an individual of genotype k, the probability dik of
dying of breast cancer (or ovarian cancer) in age interval,
i, was calculated as:

dik = (Sik - S(i+1)k)biklrik . (4)

where Sik is the probability of being alive (and not cen-
sored) at the beginning of interval i, and rik is the exit
rate in interval i. rik = e, + bik + oik, where e, is the
exit rate for all causes except breast and ovarian cancer
mortality and is independent of genotype, and bik and
Oik are the genotype-specific death rates in interval i for
breast and ovarian cancer.

For each female first-degree relative of an individual
with genotype 1, the probability of dying of breast cancer
(or ovarian cancer) in interval i was then computed as:

Ul = I X tCkdik,
i k

(5)

where tlk is the probability that a first-degree relative of
an individual with genotype 1 has genotype k. Probabili-
ties of death were summed over all intervals between
1939, the commencement of follow-up, and age 70 years
or the end of 1992 when follow-up ended. (Individual
deaths and censorings that occurred during follow-up
were ignored.) Probabilities v, of dying of ovarian cancer
were computed similarly. By combining the probabilities
ul and vl for relatives in a family the probability Wbol of
each possible permutation of numbers of breast cancers
(b) and numbers of ovarian cancers (o), conditional on
the probands genotype was computed. The expected
number of families with each combination of numbers
of breast and ovarian cancers where the proband was
genotype I was then computed by summing Wbol over all
families, weighting each family by the proband's proba-
bility qji.
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Table I

Estimated Proportion of Cases due to BRCAI

Age Breast Ovary
(years) (%) (%)

20-29 ............. 7.5 5.9
30-39 ............. 5.1 5.6
40-49 ............. 2.2 4.6
50-59 ............. 1.4 2.6
60-69 ............. .8 1.8
20-69 ............. 1.7 2.8

Results

In the study of cancer mortality in first-degree relatives
of breast cancer probands, 49 ovarian cancer deaths
were observed under age 70 years, compared with 33.71
expected at national rates, an excess of 15.29 deaths
(Peto et al., in press). For this excess to be entirely due
to BRCA1 the overall gene frequency of BRCA1 must
be .00064. Similarly, in the companion study of cancer

mortality in first-degree relatives of ovarian cancer pro-

bands, 45 breast cancer deaths in females were observed
under age 70 years, compared with 33.63 expected, an

excess of 11.37 deaths (Easton et al., in press), giving
an estimated BRCA1 gene frequency of .00052. Since
the gene-frequency estimate is directly proportional to
the size of the excess, the variance of each estimate can

be computed directly. Thus, the best estimate of the
BRCA1 gene frequency, taken as the inverse variance
weighted mean, is .0006 with 95% confidence limits
0.0002-0.001. Table 1 shows the proportions of breast
and ovarian cancers at different ages in the general pop-

ulation that are due to BRCA1 assuming a gene fre-
quency of .0006 and the estimated risks associated with
BRCA1.

In the study of cancer mortality in relatives of breast
cancer patients, 185 breast cancer deaths were observed
under age 70 years in females, compared with 95.72
expected at national rates (Peto et al., in press). If the
familial effect were entirely due to BRCA1, and assum-

ing a gene frequency of .0006, then 122.74 deaths would
be predicted. Thus, 30% of the excess breast cancer

risk is explained by BRCA1. Table 2 shows predicted
numbers of multiple case families, assuming that
BRCA1 is the only familial effect. There were 165 fami-
lies with 2 cases of breast cancer (113.2 predicted), of
which 90.1 would have been expected at national rates,
and only 23.1 can be attributed to BRCA1. There were

10 families with :3 cases of breast cancer (3.5 pre-

dicted), of which 1.0 would have been expected at na-

tional rates and 2.4 were predicted due to BRCA1.
In the study of cancer mortality in relatives of ovarian

cancer patients, 30 ovarian cancer deaths were observed

under age 70 years, compared with 11.80 expected (Eas-
ton et al., in press). If only the effect of BRCA1 is al-
lowed for, 22.25 deaths are predicted. Thus, 57% of
the excess ovarian cancer risk is explained by BRCA1.
Table 2 shows the corresponding predicted numbers of
multiple case families.

Discussion

This study provides convincing evidence that the fre-
quency of BRCA1 mutation carriers in the general popu-
lation is low. Our estimate that the gene frequency is
.0006 implies that only 1/833 women carries a mutation,
and even at the upper 95% confidence limit the carrier
frequency would only be 1/500 women. The proportions
of breast and ovarian cancer due to BRCA1 in the gen-
eral population are correspondingly low. We estimate
that only 1.7% of all breast cancer cases diagnosed be-
low age 70 years are due to BRCA1, the proportion rises
to 5.3% of cases below age 40 years and to 7.5% below
age 30 years. We similarly estimate that 2.8% of all
ovarian cancer cases diagnosed below age 70 years are
attributable to BRCA1; the proportions for the under
40-year and under 30-year age groups are 5.7% and
5.9%, respectively.

It is interesting to note that, in a targeted screening
study for the 5382 ins C mutation in an unselected series
of ovarian cancers in the UK, one mutation was found
in 250 cases (0.4%) (Shattuck-Eidens et al. 1995). This
mutation occurs in 11% of families in which mutations
have been found. Some studies of mutations in series of
breast cancer patients were also reported by Shattuck-
Eidens et al. (1995), but it is unclear to what extent
these studies are biased toward patients with a family
history or early onset disease.
Our estimate of the BRCA1 gene frequency is based

on the assumption that all excess ovarian cancer in rela-
tives of breast cancer patients was due to BRCA1 and,
conversely, that all excess breast cancer in relatives of
ovarian cancer patients was due to BRCA1. This is a
reasonable approximation, in light of the high propor-
tion of breast-ovarian cancer families that are linked to
BRCA1. In a study of 132 breast-ovarian cancer fami-
lies, Narod et al (1995) estimated that 82% of such
families were linked (95% confidence interval on pro-
portion linked 74%-97%). BRCA2 mutations also
cause ovarian cancer, but the risk is probably too low
to have a measurable effect in population-based studies.
It is possible that a proportion of the excess familial risk
observed in these population-based studies may be due
to other genes of lower penetrance, in which case the
gene-frequency estimate for BRCA1 would be propor-
tionately lower. We have also assumed that there are no
BRCA1 alleles that cause only breast cancer or only
ovarian cancer. If such mutations exist, the gene fre-
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Table 2

Predicted Numbers of Multiple Case Families Obtained by Modeling the Effect of BRCA I within Population-Based Nuclear-Family
Studies

3,295 FAMILIES OF BREAST CANCER PATIENTS 1,188 FAMILIES OF OVARIAN CANCER PATIENTS

No. OF BREAST OR Predicted No. of Families, by Predicted No. of Families, by
OVARIAN CANCER Genetic Status of Index Breast Genetic Status of Index Ovarian
DEATHS IN FAMILya Cancer Cancer

Observed No. Observed No.
Breast Ovarian Sporadicb BRCA1c Total of Families Sporadicb BRCA1c Total of Families

0 0 3,063.52 73.08 3,136.60 3,074 1,084.84 37.47 1,122.31 1,119
0 1 30.52 10.43 40.94 45 10.80 7.74 18.54 22
0 2 .11 .63 .75 1 .04 .82 .86 3
0 3 .00 .05 .05 0 .00 .09 .09 0
1 0 89.38 21.12 110.49 163 31.55 11.31 42.85 41
1 1 .69 1.85 2.54 2 .22 1.19 1.41 2
1 2 .......... .00 .13 .14 0 .00 .15 .15 0
2 0 1.04 2.03 3.07 10 .33 1.21 1.54 1
2 ¢1 .01 .22 .23 0 .00 .13 .13 0
>--3 0 .01 .17 .18 0 .00 .11 .11 0
>-33 1 .......... .00 .02 .02 0 .00 .01 .01 0
Total .. 3,185.28 109.72 3,295.00 3,295 1,127.78 60.22 1,188.00 1,188

a Excluding index case.
b Sporadic rate assumed to be equal to population rate.
c Estimated BRCA1 penetrance function from Easton et al. (1995), gene frequency .0006.

quency could be higher. However, few large, apparently
linked families have been reported with only breast or
only ovarian cancers. Thus, it seems likely that such
mutations, if they exist, are rare in comparison with
breast-ovary mutations. The existence of BRCA1 muta-
tions conferring substantially lower overall cancer risks
would also imply that we have underestimated the gene
frequency, but to date there is no evidence for such low
penetrance mutations.
Our estimate also depends critically on the relative

risk of ovarian cancer in relatives of breast cancer
patients (1.45) and of breast cancer in relatives of
ovarian cancer patients (1.34). At any given age, these
relative risks should be identical. The majority of pre-
vious cohort and case-control studies that reported
the relative risk of ovarian cancer in first-degree rela-
tives of breast cancer cases (Schildkraut et al. 1989;
Anderson et al. 1992; Tulinius et al. 1992; Parazzini
et al. 1993; Goldgar et al. 1994; Teare et al. 1994) or
vice-versa (Cramer et al. 1983; Tzonou et al. 1984;
Koch et al. 1989; Schildkraut et al. 1989) included
breast and ovarian cancer cases of all ages. If we pool
the estimates from these studies, we obtain a relative
risk of 1.32 (95% confidence interval [1.17-1.48]).
This is expected to be somewhat lower than our esti-
mates, since in the current studies probands were all
<60 years of age at diagnosis and the majority were
<50 years of age. If we combine the estimates from
studies that reported the risk of ovarian cancer in rela-

tives of young breast cancer probands (Schildkraut et
al. 1989; Anderson et al. 1992; Goldgar et al. 1994),
we do obtain a higher estimate (1.60 [1.24-2.07]). A
relative risk of 1.6 corresponds to an excess risk
-50% higher than the one used in the current study,
and on this basis the gene frequency estimate would
be -0.0009, just below the upper 95% confidence
limit on our estimate.
We allowed, in our analyses, for heterogeneity of

ovarian cancer risk between mutations by assuming two
mutations with differing risks. Precise mutation specific
risks cannot yet be determined, because of the large
number of possible mutations; however, preliminary evi-
dence suggests that mutations in the 3' third of the gene
are associated with a lower risk of ovarian cancer (Shat-
tuck-Eidens et al. 1995).
We estimated the proportion of the excess familial

ovarian cancer risk attributable to BRCA1 to be 57%.
The unexplained excess in this study is confined to
sisters and may therefore be the result of a recessive
gene(s) or shared environmental factors. The discrep-
ancy between observed and predicted ovarian cancer
deaths (30 versus 22.25) is however barely statistically
significant (1-sided P = .05). Given the additional un-

certainty in the gene-frequency estimate and the ovar-
ian cancer penetrance, we cannot exclude the possibil-
ity that BRCA1 accounts for all excess familial
ovarian cancer risk.
The estimated proportion of the excess familial breast
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Table 3

Families (Parents and Siblings) of 3,295 Breast Cancer Patients: Two Possible Genetic Models

EXPECTED No. OF FAMILIES-HIGH- AND LOW-PENETRANCE EXPECTED No. OF FAMILIES
GENES, BY CARRIER STATUS OF INDEX CASE HIGH-PENETRANCE GENES ONLY,

BY CARRIER STATUS OF INDEX CASE
No. OF BREAST High Penetrance
CANCERS IN Low High OBSERVED No.
FAMILYa Sporadicb BRCA1c BRCAXd Penetrance' Total Sporadicf Penetranceg Total OF FAMILIES

0......... 1,739.67 80.65 27.00 1,257.38 3,104.70 2,785.92 327.49 3,113.40 3,120
1 ......... 42.61 22.12 8.27 110.01 183.02 81.27 89.89 171.15 165
2......... .39 2.16 .88 3.50 6.93 .95 8.75 9.70 10

3 ............... .00 .18 .08 .09 .36 .01 .73 .74 0

a Excluding index case.
b Sporadic rate = 0.6 of population rate.
c Estimated BRCA1 penetrance function from Easton et al. (1995), gene frequency .0006.
d Breast cancer risk as for BRCA1, ovarian cancer risk as in general population, gene frequency .0002.
e Carrier:sporadic rate ratio 8.2, gene frequency .046. Derived from Scott et al. (1994).
f Sporadic rate = population rate.
g Penetrance function and gene frequency, 0.003, from CASH segregation analysis (Claus et al. 1991).

cancer risk attributable to BRCA1 was only 30%. Even
if the BRCA1 gene frequency were .001, only 49% of
the excess familial risk would be explained. There were
marked deficits in the predicted numbers of breast-can-
cer only families with 2 or more cases of breast cancer
(110.5 predicted and 163 observed with 2 cases of breast
cancer; 3.3 predicted and 10 observed with 3 or more
cases of breast cancer). These observations, while impre-
cise, are consistent with Breast Cancer Linkage Consor-
tium results, which suggest that only a minority of fami-
lies with 2 or 3 cases of breast cancer diagnosed -60
years of age are linked to BRCA1 (Easton et al. 1993).
An important unresolved issue is the genetic basis un-

derlying familial breast cancer, which is not explained
by BRCA1 or BRCA2. In the Breast Cancer Linkage
Consortium data set (Easton et al. 1993), approximately
three-quarters of families with four or more breast can-
cers are linked to BRCA1. This may be an overestimate,
since the families analyzed by the Consortium may be
biased by the selective inclusion of breast-ovarian cancer
families, hence inflating the proportion linked. We have,
however, on this basis, assumed that the combined gene
frequency of other high-penetrance genes (BRCAX) is
.0002. The breast cancer penetrance of BRCA2 (in-
cluded within BRCAX) is similar to that of BRCA1
(D. F. Easton and D. E. Goldgar, personal communica-
tion), and other high-penetrance genes (if they exist)
are likely to be rare in comparison to BRCA2, which
accounts for the majority of large families unlinked to
BRCA1 (Wooster et al. 1994). We therefore assumed
the BRCA1 breast cancer penetrance for BRCAX but
no excess ovarian cancer risk. On these assumptions,
the numbers of multiple case breast cancer families that

are due to other high-penetrance genes would be ap-
proximately one-third of the numbers due to BRCA1.
The marked discrepancy between observed and pre-
dicted numbers of families with two or three breast can-
cers but no ovarian cancer shown in the left-hand part
of table 2 thus cannot be explained entirely by this
model. One plausible explanation for this discrepancy
is that the residual familial effect is due to a common
gene(s) of low penetrance. For example Scott et al.
(1994) recently reported that 42% of breast cancer pa-
tients have a radiation sensitivity phenotype that is pres-
ent in 9% of the population. The simplest model consis-
tent with these figures is a dominant gene with frequency
5% and a constant carrier:sporadic breast cancer inci-
dence ratio of 8. If we allow for this effect in addition
to the effects of BRCA1 and BRCAX (left-hand part of
table 3), we predict very similar numbers of multiple
case families to those observed. The combined effect of
such genes would cause -45% of all breast cancers
before 70 years of age. Whether this speculative model
is correct can be resolved only by the identification and
characterization of such a hypothetical gene(s). The
right-hand part of table 3 shows that the distribution
of multiple case families we observed could also be
accounted for almost exactly by the model derived by
segregation analysis of the Cancer and Steroid Hor-
mone Study data involving highly penetrant genes with
combined frequency .003, which would cause -8% of
all breast cancers under age 70 years (Claus et al.
1991). This model is, however, inconsistent with our
estimate of the BRCA1 gene frequency and the observa-
tion that BRCA1 and BRCA2 account for most high
risk families.
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Note added in proof- Analysis of recent Breast Can-
cer Linkage Consortium data suggests that BRCA1 may
account for less than three-quarters of families with four
or more breast cancers, and, thus, our estimate of the
combined gene frequency of other high-penetrance
breast cancer genes could be too low. However, our
estimate of the gene frequency of BRCA1 remains un-
changed, and, even if one assumes that BRCAX has the
same gene frequency as BRCA1, -40% of the excess
familial breast cancer risk would not be explained by
rare, highly penetrant genes.
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