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Background: Carriers of germline mu-
tations in the BRCA2 gene are known
to be at high risk of breast and ovarian
cancers, but the risks of other cancers
in mutation carriers are uncertain. We
investigated these risks in 173 breast—
ovarian cancer families with BRCA2
mutations identified at 20 centers in
Europe and North America. Methods:
Other cancer occurrence was deter-
mined in a final cohort of 3728 indi-
viduals, among whom 681 persons had
breast or ovarian cancer and 3047 per-
sons either were known mutation car-
riers, were first-degree relatives of
known mutation carriers, or were first-
degree relatives of breast or ovarian
cancer patients. Incidence rates were
compared with population-specific in-
cidence rates, and relative risks (RRs)
to carriers, together with 95% confi-
dence intervals (CIs), were estimated
by use of a maximum likelihood ap-
proach. Three hundred thirty-three
other cancers occurred in this cohort.
Results: Statistically significant in-
creases in risks were observed for pros-
tate cancer (estimated RR = 4.65; 95%
CI = 3.48-6.22), pancreatic cancer (RR
= 3.51; 95% CI = 1.87-6.58), gallblad-
der and bile duct cancer (RR = 4,97;
95% CI = 1.50-16.52), stomach cancer
(RR = 2.59; 95%CI = 1.46-4.61), and
malignant melanoma (RR = 2.58; 95%
CI = 1.28-5.17). The RR for prostate
cancer for men below the age of 65
years was 7.33 (95% CI = 4.66-11.52).
Among women who had already devel-
oped breast cancer, the cumulative
risks of a second, contralateral breast
cancer and of ovarian cancer by the age
of 70 years were estimated to be 52.3%
(95% CI = 41.7%—61.0%) and 15.9%
(95% CI = 8.8%-22.5%), respectively.
Conclusions: In addition to the large
risks of breast and ovarian cancers,
BRCA2 mutations may be associated
with increased risks of several other
cancers. [J Natl Cancer Inst 1999;91:
1310-6]
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The majority of families with a clearly
dominant predisposition to breast and/or
ovarian cancer are now known to harbor
germline mutations in either BRCAI or
BRCA?2 genes (1-3). More than 100 dis-
tinct disease-causing mutations in
BRCAZ2 have been found since its identi-
fication in 1995. BRCA2 mutations are
known to predispose individuals to a high
lifetime risk of breast cancer, similar to
that associated with BRCA1 mutations,
together with a lower, although still sta-
tistically significant, risk of ovarian can-
cer (3).

In addition to the risks of breast and
ovarian cancers, several reports have sug-
gested that BRCA2 mutations may be as-
sociated with an increased risk of other
cancers. Easton et al. (4) studied two of
the largest known families linked to
BRCA2, from Utah in the United States
and from Ireland, respectively. They
found a statistically significant excess of
prostate cancer, with a relative risk (RR)
of 2.69 based on five possible carriers,
and of laryngeal cancer, with an RR of
7.67 based on two possible mutation car-
riers. They also found one confirmed and
one possible case of ocular melanoma in
obligate carriers. Further support for the
prostate cancer risk was provided by
Struewing et al. (5) in their study of
BRCA1 and BRCA2 mutations in Ash-
kenazi Jewish volunteers from the Wash-
ington, DC, area. On the basis of the fam-
ily histories of known mutation carriers,
they estimated a cumulative risk of pros-
tate cancer of 16% by the age of 70 years,
with no statistically significant difference
between BRCA1 and BRCA?2 carriers. An
excess risk of prostate cancer has also
been reported in relatives of breast cancer
patients from Iceland (6) and specifically
in multiple-case breast cancer families,
the majority of which are due to a single
founder BRCA2 mutation 999del5 (7,8).
Johannesdottir et al. (9) found the BRCA2
mutation 999del5 in two of 75 prostate
cancer case patients diagnosed below the
age of 65 years, compared with two of
499 in Icelandic population control sub-
jects. An association between BRCA2
and pancreatic cancer has also been sus-
pected, since homozygous deletion of
BRCA2 in a pancreatic adenocarcinoma
has been observed (10). Several pancre-

atic cancers have been observed in
BRCA2 families [e.g., (11)]. In addition,
Goggins et al. (12) found probable germ-
line BRCA2 mutations in three of 15 pan-
creatic cancer patients with loss of hetero-
zygosity (LOH) at the BRCA2 locus in
the tumor and two further mutations in a
limited screen of 245 unselected patients
with pancreatic cancer. These proportions
are higher than likely population frequen-
cies, but the magnitude of the excess is
hard to evaluate, particularly since three
of the mutations were the 6174delT mu-
tation, which is highly prevalent in Ash-
kenazi Jews. Katagiri et al. (13) found no
mutations among 36 Japanese patients
with pancreatic cancer.

To provide a more comprehensive as-
sessment of the cancer risks to BRCA2
mutation carriers, we have studied the
risks of cancer in the large series of fami-
lies collected by the Breast Cancer Link-
age Consortium (BCLC). To our knowl-
edge, this is by far the largest series of
BRCA2 families and carriers currently
available. We have also used data on the

~occurrence of bilateral breast cancer and

ovarian cancer subsequent to breast can-
cer to provide further estimates of the

risks of breast and ovarian cancers in mu--

tation carriers.

SUBJECTS AND METHODS

Families

Families were ascertained from 20 centers in
Western Europe, the United States, and Canada that
were studying familial breast or ovarian cancer.
Thirteen families from the Toronto group were fami-
lies of Ashkenazi Jewish patients from North Ameri-
can centers with ovarian cancer who tested positive
for the 6174delT mutation. Eight of the Swedish
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families were ascertained through mutation testing
of an unselected series of male breast cancer patients
(six families) or ovarian cancer patients (two fami-
lies), and two additional families were ascertained
through testing of breast cancer cases among women
under the age of 30 years. All of the remaining fami-
lies were ascertained on the basis of at least two
relatives with breast cancer diagnosed below age 60
years or ovarian cancer diagnosed at any age, with
more restrictive criteria in some centers. There were
173 families, ranging in size from three to 255 in-
dividuals, with the median family size being 17.
These families contained 596 female breast cancer
patients diagnosed under the age of 60 years, 132
ovarian cancer patients, and 72 male breast cancer
patients. Eighty-eight of the female breast cancer
patients and four of the male breast cancer patients
had bilateral disease. Thirty-nine families contained
five or more female breast cancer patients under 60
years of age, 76 contained at least one ovarian can-
cer patient, and 53 contained at least one male breast
cancer patient.

Families were eligible for this study if one or
more affected individuals tested positive for a patho-
logic BRCA2 mutation or if there was clear evi-
dence of linkage to BRCA2, with LOD (i.e., loga-
rithm of the odds) scores greater than 1.0. In
practice, only four families were included on the
basis of linkage alone. A total of 97 distinct muta-
tions (70 frameshift, 15 nonsense, six missense, and
six splice site) were observed in 169 families; one
family had both a frameshift and a missense muta-
tion. The mutations accounting for the larger num-
ber of families were 6174delT (23 families),
999del5 (14 families), 8764delAG (11 families),
3034del4 (seven families), 6503delTT (six families),
and 4486delG (six families). All other mutations oc-
curred in three or fewer families.

For all available families, basic follow-up infor-
mation, including dates of birth, death, and last ob-
servation and dates and types of all cancers, was
requested for all patients with breast or ovarian can-
cer and all of their first-degree relatives and from all
known carriers and all of their first-degree relatives.
Information on mastectomies and oophorectomies
was also recorded. We also requested information on
catrier status, when known, as determined by either
direct mutation testing or segregation of linked hap-
lotypes. All cancers were coded according to the 9%
revision of the International Classification of Dis-
eases (ICD) (14). A total of 566 cancers, excluding
breast cancer, ovarian cancer, and nonmelanoma
skin cancer, were reported among the 4778 individu-
als who were either affected with breast or ovarian
cancer, known mutation carriers, or first-degree rela-
tives of these individuals. Of these, 269 (48%) were
confirmed by pathology report, clinical records, or
death certificate. All participating centers of the
study had received approvals from the respective
ethical committees of their institutions.

Statistical Methods

The principal aim of this study was to estimate the
risks of cancer in mutation carriers. We first con-
structed a cohort of the following individuals: (@)
women affected with breast cancer under the age of
60 years or with ovarian cancer at any age or men
affected with breast cancer at any age (800 individu-
als, 363 of whom were known mutation carriers), (b)
unaffected known mutation carriers (622 individu-

als), or (c) first-degree relatives of affected individu-
als in category a or of known carriers (3271 indi-
viduals). For these purposes, a woman diagnosed with
her first breast cancer at the age of 60 years or older
and who had not had an ovarian cancer was included in
the “unaffected” category. Eighty-five breast or ovar-
ian cancer patients were shown to be noncarriers of the
disease causing mutation in that family (“sporadic”
cases) and were ignored in this analysis, leaving 4693
individuals to be considered further.

To compute incidence rates for individuals not
affected with breast or ovarian cancer, follow-up
was deemed to commence on their date of birth or
on January 1, 1960, whichever was the later, and to
cease on the date of their first cancer, their date of
death or loss to follow-up, their 85% birthday, or on
December 31, 1995, whichever occurred first. Fol-
low-up before 1960 was ignored to minimize errors
in classification of tumors and because reliable
population-specific incidence rates were available
for almost all centers from that date, but often not
before. We also excluded all individuals born before
January 1, 1890. Follow-up for individuals affected
with breast or ovarian cancer was similar, except
that it commenced on the date of their first cancer
rather than on the date of their birth and ceased on
the date of their second cancer.

Since ascertainment was based on a minimum
number of breast or ovarian cancer cases within a
family, to include these ascertainment-influencing
events in the analysis would bias the results. We
were unable to determine reliably the specific cases
in each family responsible for that family’s ascer-
tainment; therefore, to correct for this ascertainment
bias, it was necessary to ignore all follow-up prior to
and including the first breast or ovarian cancer for
every individual.

After those cases with no follow-up in the rel-
evant period were removed, the final cohort com-
prised 3728 individuals, of whom 50 were men with
breast cancer and 631 were women with breast can-
cer below the age of 60 years or with ovarian cancer
at any age, Among the unaffected individuals, there
were 471 known carriers, 390 known noncarriers,
and 2186 persons of unknown carrier status. One
hundred forty-eight of the 471 unaffected identified
carriers were “obligate carriers” (i.e., individuals
known to be carriers by virtue of their position in the
family, such that a mutation in a descendant must
have been inherited through them). The remaining
323 carriers were identified by direct testing, Of the
1050 total individuals excluded, 236 were lost to
follow-up. Other than breast or ovarian cancer, 333
cancers occurred in the cohort, of which 176 (53%)
were confirmed.

Expected numbers of cancers were computed in
the usual manner by multiplying person-years at risk
by the appropriate age-, sex-, period-, site-, and
population-specific incidence rates, by use of the
program Person-Years (15). The relevant rates were
obtained from the publications “Cancer Incidence in
Five Continents” (16-20) together with information
provided by the International Agency for Research
on Cancer. The calendar periods into which rates
were divided differed slightly between registries, ac-
cording to the data available, but most periods cov-
ered 5 years. For the U.S. centers, we used rates
from the Surveillance, Epidemiology, and End Re-
sults (SEER) Program’ for the periods from 1973
onward. Rates for whites were used, since almost all
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of the families were from this group. SEER rates
were not available before 1973, and we used instead
the rates for Alameda, CA. For Montreal, we used
Quebec rates; for all of the other centers, we used
country-specific rates.

To provide unbiased estimates of the RR for each
cancer, it was necessary to combine data on the
observed risks to known carriers and those relatives
whose carrier status was unknown. (Estimates based
only on typed carriers would have been biased, since
the probability of being typed could be influenced
by disease status.)

As a first approximation to the RR ():) for each
site, we used the following formula:

_ Ewiof

EwiEi
where O, is 1 if individual i is affected and 0 other-
wise, and E; is the number of cancers expected for
individual 7 under the null hypothesis of no BRCA2-
associated risk, i.e., on the basis of population rates
as described above. w; is the probability that indi-
vidual / is a mutation carrier, given his or her phe-
notypic status (age, sex, and disease status) and po-
sition in the pedigree. The probabilities w; were
computed by use of a standard procedure for com-
puting genetic risks, with the use of the program
MENDEL (21). In these computations, we assumed
that the risks of breast and ovarian cancers in
BRCA2 mutation carriers were those estimated in
the previous analysis of BCLC families (3).

We also estimated RRs (¢) for noncarriers using
the following analogous formula:

X [11

. 21 -w)o,
== 2
¢ 2(1 - wpE; =

Since the distributions of these estimated RRs
were complex mixtures of Poisson distributions, we
constructed statistical tests of the hypotheses that the
RRs were greater than 1 by simulation. We derived
the distribution of the estimated risk under the null
hypothesis of no excess risk by simulating each O,
10 000 times as a random draw from a Poisson dis-
tribution with mean E;. Significance levels were then
computed as the proportion of simulated datasets for
which the RR exceeded the observed value multi-
plied by 2 to give two-sided P values.

The above procedure provides significance tests
for the RR but does not provide consistent estimates
of the RRs because the carrier probabilities w, do not
take into account the phenotypic status with regard
to the site of interest. We, therefore, computed maxi-
mum likelihood estimates of A and ¢ using the EM
algorithm (22). In this procedure, the carrier prob-
abilities w, given the initial estimates of A and ¢,
were re-estimated with the use of the Bayes formula:

. WAl exp(-\E})
W, =
T WA exp(-\E) + (1 - )b exp(—dE)

1 o -1
= [1 + (»—vj_ 1)<%) exp(E,(\ — 4)))] .[3]

Iterative re-estimation of the carrier probabilities
and RRs with the use of formulae 1-3 leads to maxi-
mum likelihood estimates in the usual way. Confi-
dence intervals (CIs) for \ and ¢ were derived from
standard estimates for the variance—covariance ma-
trix for estimates obtained with the use of the EM
algorithm (22), which reduces in this case to:
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Var(log)(,logdg) = [

In practice, joint estimation of X and ¢ led, in
most cases, to estimates of the RR ¢ to noncarriers
that were not significantly different from 1, and the
RR for all sites combined was very close to 1. To
simplify the analyses (and to gain some precision),
the estimates of N presented in the tables have been
derived under the restriction that ¢ = 1, and we
have commented explicitly where this assumption
may not be justified. Statistical tests of the hypoth-
eses that the RR estimates differed by age or by
center were constructed in the usual way from the
above variance estimates. These tests were two-
sided.

The risks of breast and ovarian cancers following
a first breast cancer in mutation carriers were com-
puted in an analogous manner. For these analyses,
follow-up commenced at the first breast cancer or
1960 (whichever was later). Synchronous bilateral
cancers and ovarian cancers occurring before a
breast cancer did not, therefore, contribute to this
analysis. In addition to censoring events described
above for other cancers, follow-up for breast and
ovarian cancers was also censored at the date of
bilateral mastectomy or oophorectomy, respectively,
if recorded. Estimates based on the incidence rates in
all affected individuals might be biased, inasmuch as
they would not account for sporadic cases, To allow
for this, maximum likelihood estimates were derived
by use of the program MENDEL, analogous to the
procedure used for the analysis of other cancers. A
separate RR was estimated for each 10-year age
group 20-29 years, 30-39 years, 40-49 years, . ..
70-79 years, relative to population incidence rates.
(For this purpose, we used population incidence
rates averaged over all centers.) These estimates
were then used to derive the cumulative risk esti-
mates shown, with the use of the following formula:

1
F(t)=1- ] exp(~p()X¢)), 5]
J=0

where F(?) is the cumulative risk by age ¢, w(j) is the
population incidence rate of disease at age j, and i@)
is the maximum likelihood estimate of RR of disease
at age j.

Cumulative risks of cancers other than those of
the breast and ovary were also computed by use of
RRs estimated by the EM algorithm approach (22)
described above. RRs were estimated for just two
separate age groups (<65 years old and =65 years
old) because of the smaller number of these other
cancers,

RESULTS

Risks of Cancers Other Than Cancers
of the Breast and Ovary

The observed and expected numbers of
cancers other than breast and ovarian can-
cers in the study cohort, together with the
estimated RR, are shown in Table 1.
Table 2 gives the corresponding RRs and
95% ClIs obtained by maximum likeli-
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hood for those sites where a significant
excess was observed. Significantly in-
creased risks in carriers were observed for
cancers of the stomach (RR = 2.59;
95% CI = 1.464.61, P = .012), pan-
creas (RR = 3.51; 95% CI = 1.87-6.58;
P = .0012), gallbladder and bile ducts
(RR = 4.97,95%CI = 1.50-16.52; P =
.03), malignant melanoma (RR = 2.58;
95% CI = 1.28-5.17; P = .01), and
prostate (RR = 4.65; 95% CI = 3.48-
6.22; P<.0001). There was also a statisti-
cally significant excess of cancers of
other or ill-defined sites (RR = 4.13;

95% CI = 2.05-8.32; P = .01). The in-
creased risk of cancers of the buccal cav-
ity and pharynx did not quite reach statis-
tical significance (RR = 2.26; 95% CI =
1.09-4.68; P = .06).

The RR of prostate cancer was signifi-
cantly higher in men below the age of 65
years than in men at older ages (RR =
7.33 [95% CI = 4.66-11.52] versus RR
= 3.39 [95% CI=2.34-4.92]; P = .01).
There is some suggestion that the RR was
dependent on country, being lower for
U.S. than for non-U.S. centers (U.S.
RR = 4.28 [95% CI = 1.89-9.68] ver-
sus non-U.S. RR = 10.76 [95% CI =
6.29-18.41] below age 65; U.S. RR =
1.78 [95% CI = 0.90-3.53] versus non-
U.S. RR = 5.53 [95% CI = 3.55-8.60]
for age 65 years and above; P = .004).

Table 1. Observed (Obs) and expected (Exp) numbers of cancers in BRCA2 families and estimated
relative risks (RRs) to BRCA2 carriers

Probable carrierst

Noncarriers ~ Unknown status

RR (95% CI)

Cancer site or type

ovary, and non-
melanoma skin

(9" ICD codes)* Obs Exp Obs  Exp Obs Exp [P value]f
Buccal cavity and 4 2.26 0 1.01 8 574 2.26 (1.09-4.58)
pharynx (140-149) [.06]
Esophagus (150) 1 0.89 0 0.35 2 225  0.00
Stomach (151) 8 3.29 3 1.24 14 852 259 (1.46-4.61)
[.012]
Colon (153) 8 6.56 6 2.85 16 1437 1.43 (0.79-2.58)
Rectum (154) 6 345 4 1.47 3 8.03  1.11(0.48-2.60)
Liver (155) 2 0.56 0 0.24 2 145 4.18 (1.56-11.23)
Gallbladder and 2 0.42 0 0.17 2 0.96  4.97 (1.50-16.52)
bile ducts (156) [.03]
Pancreas (157) 6 2.06 0 0.87 8 476  3.51(1.87-6.58)
[.0012]
Larynx (161) 1 1.03 0 0.46 1 279  0.69(0.11-4.37)
Lung (162) 9 11.43 4 4.79 24 27.37  1.04 (0.62-1.73)
Bone (170) 1 0.19 0 0.11 1 0.68  2.14 (0.13-36.25)
Connective tissue (171) 0 0.49 0 0.24 2 1.27  1.15(0.07-18.56)
Malignant melanoma (172) 7 2.04 2 1.00 3 437  2.58(1.28-5.17)
[01]
Cervix (180) 2 3.73 1.91 10 742 1.29(0.48-3.43)
Other uterus (179,181,182) 5 3.35 2 1.68 2 499  1.25(0.46-3.37)
Prostate (185) 29 6.06 2.26 40 17.09  4.65 (3.48-6.22)
[<.0001]
Testis (186) 1 0.28 0 0.15 0 146  1.10(0.16-7.83)
Bladder (188) 3 3.39 0 1.36 3 8.85  0.69 (0.24-1.97)
Kidney (189) 3 2.11 2 0.96 2 5.07  0.82(0.23-2.95)

. Brain (191,192) 3 1.57 1 0.79 4 434 1.96 (0.80-4.82)
Thyroid (193) 2 1.06 2 0.55 2 246  1.55(0.43-5.53)
Hodgkin’s disease (201) 2 0.82 0 0.47 1 2,62  1.48(0.40-5.48)
Other lymphoma (200,202) 5 1.97 1 0.90 4 4.62 191 (0.81-4.49)
Myeloma (203) 0 0.84 0 0.35 1 1.90  0.00
Leukemia (204-208) 1 1.85 0 0.85 10 496  1.12 (0.30-4.25)
Other cancers§ 4 1.59 0 0.74 9 339 4.13(2.05-8.32)

[.o1]
Unknown site (199) 2 2.96 0 1.39 7 721  0.82(0.22-3.15)
All cancers except breast, 117 66.25 35 2916 181 158.94  2.45(2.15-2.78)

[<.0001]

*Coded according to the 9" revision of the International Classification of Diseases (14).

Breast cancer case patients aged <60 years, ovarian cancer case patients and male breast cancer case
patients (excluding those known to be noncarriers), and known carriers by typing and obligate carriers.

1Al P values are two-sided. CI = confidence interval.

§Three peritoneum, two other digestive, two nose, one other endocrine, two Iymph node secondary, and

three other/ill defined.
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Table 2. Estimated relative risks (RRs) and 95% confidence intervals (ClIs) for selected cancers, by
age group

0 to <65 y of age

65-85 y of age All ages: 0-85y

Site or type

of cancer RR 95% CI RR 95% CI RR 95% CI
Buccal cavity and pharynx 1.52  0.44-5.19 315 124-799 226  1.09-4.68
Stomach 257  1.13-5.84 193  0.77-4.83 259  1.46-4.61
Pancreas 554  272-1132 161 045572  3.51 1.87-6.58
Gallbladder and bile ducts * * 497  1.50-16.52
Malignant melanoma 322 1.57-5.83 t 2.58 1.28-5.17
Prostate 733  4.66-11.52 339 234492 465 348622
All cancers except breast, ovary, 148  1.15-1.91 130 0.96-1.76 147  1.21-1.79

prostate, and pancreas )
All cancers except breast and ovary ~ 1.89 1.52-2.33 172 1.36-2.17 1.90 1.63-2.23

*There were too few gallbladder cancer and bile duct cancer case patients to allow separate calculation of

RRs for the two age groups unrealistic.

tMaximum likelihood procedure did not converge. There were no melanoma case patients older than 65

years among known carriers.

Among the non-U.S. centers, the RRs
were higher in Iceland and Canada than in
Europe (excluding Iceland), but these dif-
ferences were not statistically significant.

Analyses were also conducted in
which- RRs for carriers and noncarriers
were estimated simultaneously. There
was no evidence of an overall excess of
cancer in noncarriers (RR = 0.70 [95%
CI = 0.50-0.99] below the age of 65
years; RR = 0.98 [95% CI = 0.75-1.27]
at the age of 65 years or above). Further-
more, none of the above sites showed sig-
nificantly elevated risks to noncarriers,
except for prostate cancer in men below
the age of 65 years (RR = 2.91; 95% CI
= 1.31-6.49). This excess is largely due
to three prostate cancers in close relatives
in a single family in Iceland. Even in this
case, allowing for an increased risk to
noncarriers made little difference to the
estimated risk to carriers.

Four cancers of the fallopian tube oc-
curred in known or potential carriers;
three of these cancers occurred during the
follow-up period. The precise expected
numbers could not be computed for this
site, since cancer of the fallopian tube is
grouped with ovarian cancer in the ICD.
However, an analysis using rates from the
East Anglian Cancer Registry suggests an
approximate expected number of 0.006
(ratio of observed to expected = 500;
P<.0001).

In addition to the cancer sites dis-
cussed above, cancers of the eye were of
particular interest, since two such cancers
had been previously noted in large
BRCAZ2 kindreds (4). In this dataset, three
cancers of the eye were also noted, but all
occurred before 1960 and hence were ex-
cluded from the cohort analysis. Of these
cases, one (in an Icelandic family) oc-

curred in a woman subsequently diag-
nosed with breast cancer, one (in an Irish
family) occurred in an obligate carrier,
and one (in a German family) occurred in
a first-degree relative of a known carrier.
(A further ocular cancer was reported in a
Utah family, but the evidence on the site
of this cancer conflicts, and this case has
not been included.) Two of these cases
could be included in the analysis by ex-
tending the cohort back to 1930 rather
than to 1960. (The first case cannot be
included in this analysis either, since it
occurred before a breast cancer.) On this
basis and making the assumption that inci-
dence rates in 1960-1964 also apply to the
period 1930-1959, the expected number of
ocular cancers in carriers or individuals of
unknown status would be 0.69 (P = .09).
Cumulative Risks

The RRs of cancer have been used to
derive cumulative risks of these cancers
in mutation carriers (Table 3). For pan-
creatic cancer, the estimated RR for males

and females combined was used, since
there was no evidence of any difference in
RR between the sexes. For other cancers,
sex-specific RRs were applied. The cu-
mulative risks shown are derived assum-
ing population rates for England and
Wales (1988-1992) but assuming the RRs
derived from the whole dataset.

If the RRs for prostate cancer derived
from the whole dataset were applied to
U.S. (SEER) rates, the estimated cumula-
tive risk of prostate cancer in U.S. carriers
by the age of 70 years would be 33.1%
(95% CI = 26.1%-39.4%). This, how-
ever, may be a considerable overestimate,
given that the RR based on U.S. families
alone is somewhat lower than the overall
estimate. Based on the RR obtained in
U.S. families alone, the cumulative risk
estimate to U.S. carriers would be 20.2%
(95% CI = 11.6%28.0%). Conversely,
the cumulative prostate cancer risk to Eu-
ropean carriers in England and Wales,
based on the RR obtained in European
families alone, would be 10.9% (95% CI
= 4,4%—-17.0%) by age 70 years.

These estimates can then be combined
with previously derived breast and ovari-
an cancer risks to produce cumulative
risks of all cancers. For ovarian and breast
cancers, we used the risks derived from
the BCLC families by the maximum LOD
score method (3). On this basis, the esti-
mated cumulative risks for all cancers in
women would be 32% by age 50 years,
56% by age 60 years, and 90% by age 70
years. Unfortunately, no precise estimate
of breast cancer risk in males is currently

available to our knowledge. We used the

estimates derived by Easton et al. (4),
who estimated a cumulative risk of male
breast cancer of 6% by the age of 70
years, although these estimates are based

Table 3. Estimated cumulative risks (%)* of cancers in BRCA2 mutation carriers, by sex and age

Prostate cancer

Pancreatic cancer Other cancert

Sex Age,y Risk 95% CI Risk 95% CI Risk 95% CI

Male 40 0.0 0.01-0.02 0.0 0.0-0.1 1.5 1.0-2.1
50 0.1 0.1-0.2 0.2 0.1-0.4 33 2.5-4.1
60 1.6 0.9-2.3 1.0 0.4-1.5 8.4 6.6-10.3
70 7.5 5.7-9.3 2.1 1.2-3.0 20.2 16.9-23.4
80 19.8 15.2-24.2 3.2 1.64.9 373 30.8-43.2

Female 40 0.0 0.0-0.1 1.9 1.2-2.6
50 0.2 0.1-0.3 3.9 2.9-4.9
60 0.7 0.3-1.1 8.3 6.4-10.1
70 1.5 0.9-2.1 16.0 13.0-18.9
80 2.3 1.1-3.5 26.0 20.2-31.3

*Cumulative risk of cancer by age ¢ is the probability of an individual being diagnosed with cancer by their
" birthday (see “Subjects and Methods” section). CI = confidence interval.
++“Other cancer” category consists of all cancer sites except breast, ovary, prostate, pancreas, and non-

melanoma skin cancer.
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on only two large BRCA2 families. On
this basis, the cumulative risk for all can-
cers in men would be 4% by age 50 years,
13% by age 60 years, and 32% by age 70
years.

Risk of Second Cancers

Table 4 shows the observed numbers
of contralateral breast cancers and
of ovarian cancers after a first breast
cancer and the estimated incidence rates
and cumulative risks in carriers. The
estimates of the contralateral breast
cancer incidence rates fall in the range
of 2%—-3% per year between the ages
of 30 and 60 years. These risks are
equivalent to a cumulative risk of
breast cancer, starting at age 30 years, of
37.0% (95% CI = 25.7%—46.6%) by age
50 years, and of 52.3% (95% CI =
41.7%—-61.0%) by age 70 years. The
incidence rates may also be used to
estimate the risk of a first breast cancer
in a mutation carrier, under the assump-
tion that the risk of cancer in the two
breasts is independent, by multiplying the
incidence rates by 2. The estimated cumu-
lative risks are then 60% (95% CI =
44%-72%) by age 50 years and 77%
(95% CI = 71%—88%) by age 70 years.
The corresponding estimated cumulative
risks of ovarian cancer were 3.3% (95%
CI = 0.8%—5.7%) by age 50 years and
15.9% (95% CI = 8.8%-22.5%) by age
70 years.

DISCUSSION

This study provides strong confirma-
tion of an increased risk of prostate cancer
and pancreatic cancer in BRCA2 muta-
tion carriers, as well as some evidence of
an excess of cancer at four other sites:
buccal cavity and pharynx, stomach,
melanoma of the skin, and gallbladder
and bile ducts. This more general increase

in cancer risk appears to contrast with the
situation for BRCA1, where no excess
risk was observed except for prostate can-
cer and colorectal cancer (23). It should
be emphasized, however, that the BRCA1
study was far smaller than the current
study, and an RR of the order of 1.5
would not have been reliably detected.
(There were only 78 cancers in carriers
and first-degree relatives in that study
compared with 298 in the current study.)
Clearly, some of the elevated risks ob-
served at the last four sites may have
occurred by chance, given the number of
cancer sites analyzed, and these associa-
tions require confirmation in other stud-
ies. There does, however, appear to be a
significantly increased cancer risk in car-
riers, of the order of 1.5-fold, even when
the sites breast, ovary, prostate, and pan-
creas are excluded.

An obvious concern in this study is
that the observed excess cancer risk in
carriers may be the result of selection of
families for the occurrence of other can-
cers. There are several reasons for believ-
ing this to be unlikely. All centers have
selection criteria for screening families
based on the occurrence of breast and
ovarian cancers, but not on the occurrence
of other cancers. In particular, a large
fraction of the data comes from large
families, which would certainly have been
ascertained on the basis of their breast and
ovarian cancer occurrence alone. Further-
more, there is a large excess of cancer in
the relatives of breast or ovarian cancer
case patients who are themselves muta-
tion carriers, but not in the relatives who
are noncarriers. When RRs for carriers
and noncarriers were estimated jointly,
the RR for noncarriers was estimated to
be slightly less than 1. The only cancer
site where a statistically significant risk to
noncarriers was observed was the pros-
tate, and this excess can largely be ex-

Table 4. Observed (Obs) numbers, estimated incidence rates, and cumulative risks (95% confidence
intervals [CIs]) of second (contralateral) breast and ovarian cancers, following breast cancer in BRCA2
mutation carriers

Contralateral breast cancer

Ovarian cancer

Annual Annual
Age incidence % cumulative incidence % cumulative
group, y Women-years  Obs rate risk (95% CI)*  Obs rate risk (95% CI)
30-39 603.8 12 0.0200 17.7 (6.5-27.5) 0 0.0011 1.1 (0.0-2.2)
40-49 1127.3 25 0.0270  37.0 (25.7-46.6) 4 0.0022 3.3 (0.8-5.7)
50-59 1190.0 21 0.0200  48.4 (37.5-57.3) 8 0.0074 10.2 (4.9-15.2)
60-69 851.6 6 0.0080  52.3 (41.7-61.0) 7 0.0066 15.9 (8.8-22.5)
70-79 386.2 2 0.011 57.1 (46.4-65.6) 3 0.0063  21.0(12.0-29.1)
Total 4158.9 66 22

*Cumulative risks to the end of the age interval.
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plained by a single family in Iceland with
three cases in noncarriers. Since families
in Iceland are ascertained through a popu-
lation-based registry, this is unlikely to be
due to selection bias and is more likely to
be due to coincident segregation of a
prostate cancer susceptibility gene or
genes in the same family.

Many of the cancers in relatives could
not be typed for mutations. However, by
incorporating the carrier probability of
each relative into the analysis, we were
able to produce unbiased RR estimates.
Another potential concern is that only a
proportion of cancers in relatives could be
confirmed, and there is thus potential for
some misclassification of cancer site.
Overall, however, the excess cancer risks
were similar in those centers able to con-
firm a high proportion of cancers (Ice-
land, Finland, and Sweden) than in the
remainder. Misclassification of cancer
site seems unlikely to have been a major
problem for pancreatic cancer, prostate
cancer, cancer of the buccal cavity and
pharynx, or melanoma. Some of the ex-
cess of stomach cancer could be attributed
to misclassification of ovarian cancer,
since the observed RR was somewhat
higher in female carriers than in male car-
riers (4.2 versus 2.1), and some of cancers
of the gallbladder and bile ducts might
have been misclassified pancreatic can-
cers.

Most of the families included in this
study were selected on the basis of mul-
tiple cases of breast and/or ovarian can-
cer, and it is possible that the excess risks
of other cancers may be different in mu-
tation carriers with less striking family
histories. At present, there are no data, to
our knowledge, with which to address this
issue.

The constellation of cancers associated
with BRCA2 does not appear to fit any
obvious pattern. Epidemiologically,
breast and prostate cancers are both
strongly related to endogenous sex hor-
mones (estrogens and androgens), and
both are associated with a Western-style
diet. On the other hand, pancreatic cancer
is not known to be associated with repro-
ductive factors or diet, although some
pancreatic tumors are estrogen receptor
positive and respond to tamoxifen (as do
some ovarian cancers). The strongest
known risk factor for pancreatic cancer is
cigarette smoking, which is also a risk
factor for cancers of the buccal cavity and
pharynx. However, there is no evidence
of any excess risk of lung cancer in
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BRCA2 carriers. Pancreatic cancer and
melanoma, but none of the other cancers,
are known to occur at increased frequency
in INK4A (p16) germline mutation carri-
ers. Further detailed study of the pathol-
ogy of these tumors in carriers would be
worthwhile.

In terms of absolute risk, the most im-
portant effect (excluding breast and ovar-
ian cancers) is the increased risk of pros-
tate cancer in male carriers. This is most
unlikely to be the result of increased sur-
veillance, since most of the excess risk
occurred before screening became wide-
spread. The RR for prostate cancer was in
fact higher in Europe than in the United
States, where screening is more wide-
spread; i.e., the cumulative risk of pros-
tate cancer in U.S. carriers was lower
than would be expected on the basis of the
RR in Europe. This suggests that the pros-
tate cancer risks in carriers are less af-
fected by surveillance, which would in
turn imply a different natural history, with
a greater proportion of clinically detect-
able disease. The risk is probably not suf-
ficiently high to cause an appreciable
fraction of early-onset prostate cancer
cases, except in Icelandic and Ashkenazi
populations, but this needs to be studied
directly. The substantially elevated risk of
prostate cancer raises the issue of early
detection, in that screening by prostate-
specific antigen might be justified at a
substantially earlier age for mutation car-
riers. The risk of pancreatic cancer is less
important in absolute terms, although it is
not insignificant in terms of mortality,
since the disease is uniformly and rapidly
fatal.

The analyses presented here assume a
uniform risk across all mutations, and the
clinical implications could be different if
certain mutations were associated with
higher cancer risks. There is some evi-
dence that carriers of mutations in the
central region of the BRCA2 gene, known
as the OCCR (ovarian cancer cluster re-
gion), are at higher risk of ovarian cancer
and, perhaps, at lower risk of breast can-
cer (24). Analyses of genotype—phenotype
associations for other cancers are in prog-
Tess.

This study has also been able to pro-
vide an estimate of the risk of ovarian
cancer in mutation carriers subsequent to
breast cancer and of contralateral breast
cancer. There is some potential for bias
here, since the presence of two cancers in
the same individual might have influ-
enced the decision for a family to be re-

ferred and screened for mutations. How-
ever, none of the centers used the
presence of a second cancer as part of
their inclusion criteria. Moreover, the es-
timated risk of ovarian cancer following
breast cancer is consistent with that pre-
dicted from the previous analysis of first
cancers, with the current estimate being
the more precise. The incidence rates for
ovarian cancer are approximately fourfold
lower than those for BRCA1 but, never-
theless, still more than 10-fold greater
than general population rates. There is
some support for the hypothesis that the
ovarian cancers in BRCA2 carriers occur
later than in BRCA1 carriers, although
this is based on small numbers—the av-
erage incidence rates in the age group 30—
49 years were sevenfold lower than those
in the age group 50—69 years, whereas for
BRCAL the incidence rates were highest
in the age group 40-49 years. There is
even some suggestion, both from these
data and from the previous estimates, that
the disease occurs later than in the general
population. From a practical point of
view, the low rate of disease below age 50
years might indicate that prophylactic oo-
phorectomy could be safely delayed until,
say, the late thirties, and still be effective,
but this needs to be tested in prospective
studies. The observed risk of cancer of the
fallopian tube, which is perhaps a sub-
stantial underestimate given the difficul-
ties of determining the true primary site of
these tumors, also needs to be borne in
mind when considering prophylactic sur-
gery.

The analysis of second cancers con-
firms, as expected, a high risk of con-
tralateral breast cancer in affected carri-
ers. The estimates are slightly lower
than those previously derived by the
BCLC for BRCA1 (3) (37% versus 48%
by age 50 years; 52% versus 64% by age
70 years). The cumulative risk of breast
cancer by age 70 years is close to what
one would predict from the previously de-
rived risks of a first cancer, by halving the
incidence rates to allow for only one
breast being at risk (52% observed and
60% expected), but the cumulative con-
tralateral risk by age 50 years is signifi-
cantly higher than predicted (37% ob-
served and 15% expected). This effect
(which was also seen for BRCA1) indi-
cates either that some selection bias to-
ward inclusion of young bilateral cases
occurs or that modifying factors may be
important determinants of risk at young
ages.
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APPENDIX

The following are the contributing centers and
the names of the principal investigators. The
number of families contributed by each center
is given in brackets;

CRC Genetic Epidemiology Unit, Cam-
bridge, UK. (coordinating center): D. Easton,
D. Thompson, L. McGuffog

University of Aberdeen, UX.: N. Haites, A.
Schofield [1]

Humangenetik, Kantonsspital, Basel, Swit-
zerland: R. J. Scott [2]

Departments of Medicine and Genetics,
University of Washington, Seattle: M.-C.
King, E. Schubert [6]

Centre Jean Perrin, Clermont-Ferrand,
France: Y. Bignon [1]

Institute of Cancer Research, London, U.K.:
M. Stratton, D. Ford, J. Peto, R. Eeles [19]

CRC Human Cancer Genetics Research
Group, Cambridge, UK.: B. Ponder, S. Gay-
ther [11]

Deutsches Krebsforschungszentrum,
Heidelberg, and University of Wiirzburg, Ger-
many: J. Chang-Claude, B. H. F. Weber, U.
Hamann [5]

Fundacién Jiménez Diaz, Madrid, Spain: J.
Benitez, A. Osorio [4]

University Central Hospital, Departments of
Oncology and Obstetrics and Gynaecology,
Helsinki, Finland: H. Eerola, H. Nevanlinna
[11]

Creighton University, Omaha, NE, and In-
ternational Agency for Research on Cancer,
Lyon, France: H. T. Lynch, S. Narod, D. Gold-
gar, G. Lenoir [§]

Institut Curie, Paris, France: D. Stoppa-
Lyonnet [9]

University of Iceland, Reykjavik: A. Ara-
son, R. Barkardottir, V. Egilsson [5]

Icelandic Cancer Society, Reykjavik, Ice-
land: J. Eyfjord, H. Tulinius [5]

Imperial Cancer Research Fund, Leeds,
UX.: D. T. Bishop [3]

University of Lund, Sweden: A. Borg, N.
Loman, O. Johannsson, H. Olsson [20]

McGill University, Montreal, PQ, Canada:
P. Tonin, W. Foulkes [11]

University of Montreal, PQ, Canada: P.
Ghadirian, A. M. Mes-Masson, D. Provencher
[8]

University of Pennsylvania, Philadelphia:
B. Weber [11]

University of Leiden and Foundation for the
Detection of Hereditary Tumours, Leiden, The
Netherlands, and Erasmus Medical Center and
Daniel den Hoed Cancer Center, Rotterdam,
The Netherlands: P. Devilee, H. Vasen, C. J.
Cornelisse, H. Meijers-Heijboer, J. G. M.
Klijn [8]

University of Toronto, ON, Canada: S.
Narod, J -S: Brunet, R. Moslehi [19]

University of Utah, Salt Lake City: S. Neu-
hausen, L. Cannon-Albright [6] '
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'Editor’s note: SEER is a set of geographically
defined, population-based, central cancer registries
in the United States, operated by local nonprofit or-
ganizations under contract to the National Cancer
Institute (NCI). Registry data are submitted elec-
tronically without personal identifiers to the NCI on
a biannual basis, and the NCI makes the data avail-
able to the public for scientific research.
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