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Background Germline mutations in the BRCAT and BRCAZ2 genes are associated with increased risks of breast and ovarian
cancers. Although several common variants have been associated with breast cancer susceptibility in mutation
carriers, none have been associated with ovarian cancer susceptibility. A genome-wide association study
recently identified an association between the rare allele of the single-nucleotide polymorphism (SNP) rs3814113
(ie, the C allele) at 9p22.2 and decreased risk of ovarian cancer for women in the general population. We evalu-
ated the association of this SNP with ovarian cancer risk among BRCA17 or BRCA2 mutation carriers by use of
data from the Consortium of Investigators of Modifiers of BRCA1/2.

Methods We genotyped rs3814113 in 10029 BRCAT mutation carriers and 5837 BRCA2 mutation carriers. Associations with
ovarian and breast cancer were assessed with a retrospective likelihood approach. All statistical tests were two-sided.

Results The minor allele of rs3814113 was associated with a reduced risk of ovarian cancer among BRCA1T mutation
carriers (per-allele hazard ratio of ovarian cancer = 0.78, 95% confidence interval = 0.72 to 0.85; P = 4.8 x 10°9)
and BRCA2 mutation carriers (hazard ratio of ovarian cancer = 0.78, 95% confidence interval = 0.67 to 0.90; P =
5.5 x 10%). This SNP was not associated with breast cancer risk among either BRCA7 or BRCA2 mutation car-
riers. BRCA1T mutation carriers with the TT genotype at SNP rs3814113 were predicted to have an ovarian cancer
risk to age 80 years of 48%, and those with the CC genotype were predicted to have a risk of 33%.

Conclusion Common genetic variation at the 9p22.2 locus was associated with decreased risk of ovarian cancer for carriers
of a BRCAT1 or BRCA2 mutation.
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CONTEXT AND CAVEATS

Prior knowledge

Although germline mutations in the BRCAT and BRCAZ2 genes are
associated with increased risks of ovarian cancer, other genetic
variants that have not been identified might modify that risk. Such
a genetic variant may be located at 9p22.2, as indicated by an
association between the rare allele of the single-nucleotide polymor-
phism (SNP) rs3814113 (ie, the C allele) at this locus and decreased
risk of ovarian cancer for women in the general population.

Study design

This SNP was genotyped in BRCAT mutation carriers and BRCA2
mutation carriers. Associations between the SNP and ovarian and
breast cancer were assessed.

Contribution

The minor allele of this SNP located at the 9p22.2 locus was asso-
ciated with decreased risk of ovarian cancer, but not with breast
cancer risk, for carriers of a BRCA1 or BRCA2 mutation.

Implications

It is likely that there are other genes that also modifying this risk in
BRCAT1 or BRCA2 mutation carriers. Their identification may be
useful for genetic testing and risk counseling of such women.

Limitations

Precise family histories for all mutation carriers were not available.
Detailed ovarian tumor histology data were not available. The SNP
tested is probably located near but is not the genetic variant that is
causally related to ovarian cancer.

From the Editors

Pathogenic mutations in the BRCAI and BRCA2 genes confer high
risks of ovarian and breast cancers (1,2). Breast cancer risks by age 70
years have been estimated to range between 40% and 87% for
BRCAI mutation carriers and between 40% and 84% for BRCA?2
mutation carriers (3—13). Ovarian cancer risk estimates by age 70
years range between 16% and 68% for BRCAI mutation carriers and
between 11% and 27% for BRCA2 mutation carriers (3—13). Random
variation and environmental factors may explain part of the observed
variation in risk estimates. There is also considerable evidence for the
existence of genetic factors that modify cancer risks for mutation
carriers, with the estimated cancer risks varying by family history of
the disease (3) and the site of the cancer in the proband for that
family’s ascertainment (3-5,10). Moreover, the risks of ovarian and/
or breast cancers can vary with respect to the location of truncating
mutations in both BRCAI and BRCA2 genes, indicating that there
may be associations between genotypes and phenotypes (12-16).
Recent genome-wide association studies (GWAS), as reviewed
previously (17-19), have identified common alleles associated with
risk of breast, ovarian, and/or other cancers. These findings have
raised the possibility that common variants are also associated with
the risks of disease for carriers of various mutations. The
Consortium of Investigators of Modifiers of BRCA1/2 (CIMBA)
has provided evidence that variants near FGFR2, TNRCY9/TOX3,
MAP3K1, LSP1, and 2q35 identified through GWAS of breast
cancer patients are also associated with the risk of developing
breast cancer for BRCAI and/or BRCA2 mutation carriers (20,21).
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To date, a number of studies (22,23) have investigated candi-
date variants as potential modifiers of ovarian cancer risk for
BRCAI and BRCA?2 mutation carriers. However, none of the vari-
ants have been validated in independent datasets. At the time of
this study, the only confirmed common genetic variants to be iden-
tified for ovarian cancer were several in a region on 9p22.2, which
was recently reported from a GWAS (19) of patients with invasive
ovarian cancer. The most statistically significant association was
for the single-nucleotide polymorphism (SNP) rs3814113; the
minor allele (ie, the C allele) was associated with a reduced risk of
invasive ovarian cancer (odds ratio [OR] = 0.82, 95% confidence
interval [CI] = 0.79 to 0.86, GWAS P, = 5.1 x 107"%); the asso-
ciation with rs3814113 was strongest among patients with the

Ten

serous histological subtype of ovarian cancer (OR = 0.77, 95%
CI = 0.73 to 0.81, GWAS P 4.1 x 107?"). To investigate
whether this SNP is associated with the risk of ovarian cancer for
BRCAI or BRCA2 mutation carriers, we genotyped rs3814113 in
10029 BRCAI mutation carriers and in 5837 BRCA2 mutation
carriers who were recruited by CIMBA through 32 studies (24).

end T

Materials and Methods

Study Subjects

All subjects were women who carried pathogenic mutations in
BRCAI or BRCA?2 from 32 studies from Europe, North America,
and Australia (Supplementary Table 1, available online). Pathogenic
mutations were defined as protein-truncating mutations or muta-
tions listed on the Breast Cancer Information Core (http://
research.nhgri.nih.gov/bic/), as described previously (25). All sub-
jects were 18 years or older at recruitment. Only self-reported
white women were included in the analysis. Subjects were excluded
if they were from a country other than that of the study base or if
they carried mutations in both BRCAI and BRCA2 genes. If a
woman was enrolled in two different studies, her data from only
one study were included in the analysis. The data from the study
with the most complete information for this individual were in-
cluded in the analysis. Duplicate mutation carriers were identified
by dates of birth and diagnosis and from available genotyping data.
Subject information for all studies included year of birth, age at last
follow-up, age at breast and/or ovarian cancer diagnosis, and age
at bilateral prophylactic mastectomy or oophorectomy. Related
subjects were identified through a unique family identifier. BRCA1
mutations were classified by their predicted functional conse-
quence as follows: class 1 mutations were defined as loss of func-
tion mutations, and class 2 mutations were mutations that were
expected to generate a stable mutant protein, as described previ-
ously (20). BRCA2 mutations were classified by whether or not
they were located in the ovarian cancer cluster region (nucleotides
3059-6629) (12,15). Subjects participated in clinical or research
studies at the host institutions under ethically approved protocols
and written informed consent was obtained (Supplementary Table
2, available online). Further details about CIMBA were described
elsewhere (24).

Genotyping for SNP rs3814113

For 10 studies, the DNA samples were genotyped for SNP
rs3814113 at one center by use of the iPLEX Mass Array platform
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(Sequenom, Hamburg, Germany) (Supplementary Table 1, avail-
able online). The remaining 22 studies (Supplementary Table 1,
available online) were genotyped by use of the 5" endonuclease
assay (Taqman), with reagents supplied by Applied Biosystems
(Warrington, UK), and tested centrally as described previously
(25). All genotyping data were subjected to a standard set of quality
control criteria. Samples from subjects with ovarian cancer or
those without an ovarian cancer diagnosis (ie, affected and unaf-
fected subjects) were randomly arrayed in the plates within studies.
No-template controls were included on every plate, and at least
2% of the samples were tested in duplicate. Samples were excluded
if they consistently failed genotyping (defined as a pass rate of
<80% for all SNPs in a genotyping round for the iPLEX assay or
as the failure of three or more of 10 SNPs for the Tagman assay).
For a study to be included in the analysis, the genotype data were
required to attain or exceed a call rate threshold of 95% and a
concordance between duplicates of 98%. We also evaluated the
deviation from Hardy-Weinberg equilibrium for unrelated sub-
jects. For none of these studies was Hardy—Weinberg equilibrium
rejected at a predefined threshold of a P value of .001. An addi-
tional quality control criterion was consistent results for 95 DNA
samples from a standard test plate (Coriell Institute, Camden, NJ)
that was genotyped at all centers. If the genotyping was inconsis-
tent for more than one sample in the test plate, the study was ex-
cluded. Three additional studies attempted to genotype this SNP,
but the SNP failed one or more of the above criteria and, there-
fore, were not included in this analysis. After these exclusions, a
total of 15866 mutation carriers with genotype data for rs3814113
were eligible for inclusion in the analysis (10029 with a BRCAI
mutation and 5837 with a BRCA2 mutation) (Supplementary
Table 1, available online).

Statistical Analysis

The aim of the analysis was to evaluate the association between
each genotype and ovarian cancer risk. Phenotype was defined by
age at ovarian cancer diagnosis or age at last follow-up. The pri-
mary analysis involved censoring of subjects at the age of ovarian
cancer diagnosis or bilateral prophylactic oophorectomy, which-
ever occurred first (irrespective of a breast cancer diagnosis), or the
age at last observation. Only subjects with an ovarian cancer diag-
nosis were assumed to be affected.

BRCAI and BRCA2 mutation carriers were not randomly se-
lected with respect to their disease status. Usually mutation car-
riers are sampled through families who are counseled in genetic
clinics, and genetic testing is targeted at those diagnosed with
cancer at a relatively young age. Such designs therefore lead to an
oversampling of affected subjects. Moreover, affected and unaf-
fected mutation carriers are sampled with different probabilities at
different ages. Because the carriers studied do not represent an
unselected cohort, standard methods of analysis could give biased
estimates of the risk ratios. This is demonstrated by considering an
individual affected at age ¢. In a standard cohort or case—control
analysis, the SNP genotype for the individual is compared with the
genotypes of those subjects at risk at age # or in a case—control
analysis with control subjects randomly sampled from all at-risk
subjects. This analysis leads to consistent estimates of the risk
ratios. However, in the study design used in this analysis, mutation
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carriers had been selected previously on the basis of their disease
status. Therefore, a standard analysis would lead to case patients
being compared with control subjects who were selected on the
basis of their future disease status. If a particular genotype is asso-
ciated with disease, then the risk ratio estimate would be biased
toward 1.0 because too many affected subjects (in whom the at-risk
genotype would be overrepresented) would be included in the
comparison group. A simulation study (26) has shown that this
effect can be quite marked. To adjust for this sampling and reduce
the potential bias, we conducted the analysis by modeling the ret-
rospective likelihood of the observed genotypes conditional on the
disease phenotypes, as described previously (25). The association
of each SNP was modeled either as a per-allele hazard ratio (mul-
tiplicative model) or as separate hazard ratios for heterozygotes
and homozygotes (both parameterized on the log scale). The haz-
ard ratios were assumed to be independent of age (ie, we used a
Cox proportional hazards model). The assumption of proportional
hazards was tested by adding a “genotype x age” interaction term
to the model. Analyses were carried out with the pedigree-analysis
software MENDEL (27). Under this approach, the baseline age-
specific incidences in the Cox proportional hazards model were
chosen so that the overall ovarian cancer incidences, averaged over
all genotypic categories, agreed with external estimates of inci-
dence for BRCAI and BRCA2 mutation carriers.

We examined between-study heterogeneity by comparing the
models that allowed for study-specific log hazard ratios against
models in which the same log hazard ratio was assumed to apply to
all studies by use of a robust Wald test statistic. All analyses were
stratified by study group and country of residence and used
calendar year- and cohort-specific ovarian cancer incidences for
BRCAI and BRCA2 mutation carriers (4). For sensitivity analyses
with smaller numbers of mutation carriers (see below), small strata
were combined on the basis of country of residence. We used a
robust variance-estimation approach to allow for the nonindepen-
dence of related carriers (28).

To investigate whether our results were influenced by any of
our assumptions, we performed additional sensitivity analyses.
Breast cancer diagnoses occurring before an ovarian cancer diag-
nosis were ignored in the primary analysis. Analyses were repeated
by also censoring at the age of breast cancer diagnosis and by treat-
ing those subjects as unaffected in the analysis of associations with
ovarian cancer risk. That is, in this analysis, subjects were followed
until one of the following events: age at ovarian cancer diagnosis,
age at breast cancer diagnosis or bilateral prophylactic oophorec-
tomy (whichever occurred first), or the age at last observation.
Only subjects censored at ovarian cancer were assumed to be af-
fected in this analysis. If the SNP was associated with disease sur-
vival, the inclusion of subjects with a prevalent ovarian cancer
diagnosis could influence the hazard ratio estimates. We therefore
repeated our analysis by excluding mutation carriers who had been
diagnosed with ovarian cancer more than 5 years before recruit-
ment into the study.

We also evaluated the associations of this SNP with breast
cancer risk for mutation carriers. If the SNP is associated with
ovarian cancer risk, analyzing the breast cancer associations by
treating women with ovarian cancer as unaffected in the analysis
can potentially lead to a spurious association with breast cancer
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risk in the opposite direction (to that observed for ovarian cancer).
Therefore, to evaluate the associations with breast cancer risk, we
performed the analysis within a competing risk framework in
which we estimated hazard ratios simultaneously for breast and
ovarian cancer. For this purpose, we extended the retrospective
likelihood model (25) so that each woman was at risk of developing
either breast cancer or ovarian cancer by assuming that the proba-
bilities of developing each disease were independent, conditional
on the underlying genotype. A different censoring process was
used for this analysis, whereby subjects were followed until the age
of their first breast or ovarian cancer diagnosis and were consid-
ered to have developed the corresponding disease. No follow-up
was considered after the first cancer diagnosis. Subjects were cen-
sored for breast cancer at the age of bilateral prophylactic mastec-
tomy and for ovarian cancer at the age of bilateral oophorectomy
and were assumed to be unaffected for the corresponding disease.
The remaining subjects were censored at the age at last observa-
tion and were assumed to be unaffected for both diseases.
Without additional data, such as pedigree data, estimating the
absolute risks of ovarian cancer by genotype is difficult in this
study due to the retrospective study design. We therefore used
the estimated hazard ratios under the primary analysis to predict
the age-specific cumulative risks of developing ovarian cancer by
age 80 years with respect to rs3814113 genotype in BRCAI and
BRCA2 mutation carriers by use of estimates of age-specific

ovarian cancer incidences from previous studies (with the implied
average cumulative risk of ovarian cancer in BRCA1 mutation car-
riers being 44% by age 80 years and in BRCA2 mutation carriers
being 12% by age 80 years) (4).

Results

In total, 10029 BRCAI mutation carriers and 5837 BRCA2 muta-
tion carriers were eligible for analysis of associations between
ovarian cancer risk and SNP rs3814113 at the 9p22.2 locus. The
primary analysis (without censoring at breast cancer diagnosis)
included 2410 mutation carriers who were censored at diagnosis of
invasive ovarian cancer (case subjects) and 13 456 unaffected muta-
tion carriers (including 2959 censored at bilateral prophylactic
oophorectomy) (Table 1).

The minor allele of rs3814113 (ie, C allele) was associated with
reduced risk of ovarian cancer for both BRCAI and BRCA2 muta-
tion carriers (Table 2). Each copy of the minor allele was estimated
to be associated with a reduced risk of ovarian cancer (per-allele
hazard ratio [HR] of ovarian cancer = 0.78, 95% CI = 0.72 to 0.85,
P, s = 4.8 x 107%, for BRCAI mutation carriers and HR of ovarian
cancer = 0.78, 95% CI = 0.67 t0 0.90, P, = 5.5 x 10~%, for BRCA2
mutation carriers). Results from a combined analysis of BRCAI
and BRCA2 mutation carriers were virtually identical (per-allele
HR of ovarian cancer = 0.79, 95% CI = 0.73 to 0.84) and the

Table 1. Characteristics of study subjects on the basis of the primary analysis*

BRCA1 mutation carriers

BRCAZ2 mutation carriers

Characteristic Total Unaffected Ovarian cancer Unaffected Ovarian cancer
No. 15866 8142 1887 5314 523
Person-years of follow-up 730479.8 355745.3 95665.7 249425.7 29643.1
Median age at censure, y (IQR) 45 (37-54) 42 (36-50) 50 (44-56) 46 (38-55) 57 (50-64)
Age group at censure, No. (%)
0-19y 79 (0.5) 1(0.6) 0 (0.0) 7 (0.5) 1(0.2)
20-29y 1202 (7.6) 798 (9.8) 12 (0.6) 389 (7.3) 3(0.6)
30-39y 3824 (24.1) 2445 (30.0) 187 (9.9) 1178 (22.2) 14(2.7)
40-49y 5270 (33.2) 2678 (32.9) 727 (38.5) 1748 (32.9) 117 (22.4)
50-59 y 3326 (21.0) 1366 (16.8) 646 (34.2) 1130 (21.3) 184 (35.2)
60-69 y 1497 (9.4) 533 (6.6) 251 (13.3) 562 (10.6) 15 (28.9)
70-79y 518 (3.3) 203 (2.5) 9(3.1) 207 (3.9 49 (9.4)
>80y 150 (1.0) 8 (0.8) 5(0.3) 3(1.4) 4(0.8)
Year of birth, No. (%)
Before 1920 123 (0.8) 5 (0.7) 8(0.4) 48 (0.9) 2(2.3)
1920-1929 574 (3.6) 206 (2.5) 114 (6.0) 185 (3.5) 9(13.2)
1930-1939 1413 (8.9) 495 (6.1) 336 (17.8) 435 (8.2) 147 (28.1)
1940-1949 3052 (19.2) 1270 (15.6) 641 (34.0) 960 (18.1) 181 (34.6)
1950-1959 4372 (27.6) 2230 (27.4) 568 (30.1) 1480 (27.9) 4 (18.0)
1960 or later 6332 (39.9) 3886 (47.7) 220 (11.7) 2206 (41.5) 0(3.8)
Mutation classt, No. (%)
Class 1 5262 (64.6) 1354 (71.8) 4941 (93.0) 498 (95.2)
Class 2 2256 (27.7) 423 (22.4) 137 (2.6) 9(1.7)
Other 624 (7.7) 110 (5.8) 236 (4.4) 16 (3.1)
Mutation position, No. (%)
OCCR 1926 (36.2) 251 (48.0)
Non-OCCR 3388 (63.8) 272 (52.0)
* 1QR = interquartile range; OCCR = ovarian cancer cluster region.

t Class 1 mutations were defined as loss of function mutations, and class 2 mutations were mutations that were expected to generate a stable mutant protein, as

described previously (20).
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Table 2. Genotype distribution of the single-nucleotide polymorphism rs3814113 by affection status for ovarian cancer and associations

with ovarian cancer risk*

Unaffected status,

Affected status,

Gene rs3814113 genotype No. (%) No. (%) HR (95% Cl) Pt
No censoring at breast cancer
BRCA1 T 3526 (43.3) 950 (50.3) 1 (ref)

CT 3671 (45.1) 775 (41.1) 0.79 (0.71 to 0.88)

CcC 945 (11.6) 162 (8.6) 0.61 (0.51 to 0.74)

2 df test 39x 10

Per-allele analysis 0.78 (0.72 to 0.85) 4.8 x 10°°
BRCAZ2 T 2436 (45.8) 269 (51.4) 1 (ref)

CT 2288 (43.1) 216 (41.3) 0.82 (0.67 to 1.00)

CcC 590 (11.1) 38 (7.3) 0.56 (0.39 to 0.80)

2 df test .0027

Per-allele analysis 0.78 (0.67 to 0.90) .00055
BRCA1/2 combined T 5962 (44.3) 1219 (50.6) 1 (ref)

CT 5959 (44.3) 991 (41.1) 0.80 (0.73 to 0.89)

CC 1535 (11.4) 200 (8.3) 0.60 (0.51 to 0.71)

2 df test 2.2 x 107

Per-allele analysis 0.79 (0.73 t0 0.84) 20 x 10"
With censoring at breast cancer
BRCA1 T 3777 (43.6) 699 (561.3) 1 (ref)

CT 3891 (44.9) 555 (40.7) 0.79 (0.68 to 0.92)

CC 998 (11.5) 109 (8.0) 0.59 (0.44 t0 0.77)

2 df test 6.7 x 10°°

Per-allele analysis 0.77 (0.69 to 0.87) 1.0x 10°°
BRCA2 T 2514 (46.0) 191 (50.4) 1 (ref)

CT 2345 (43.0) 159 (42.0) 0.86 (0.65 to 1.12)

CcC 599 (11.0) 29 (7.6) 0.62 (0.39 to 1.01)

2 df test 12

Per-allele analysis 0.82 (0.67 to 0.99) .042
BRCA1/2 combined T 6291 (44.5) 890 (51.1) 1 (ref)

CT 6236 (44.2) 714 (41.0) 0.81 (0.73 to 0.91)

CcC 1597 (11.3) 138 (7.9) 0.60 (0.49 t0 0.73)

2 df test 1.6 x 1077

Per-allele analysis 0.79 (0.73 to 0.86) 1.9x10°¢®

* Cl = confidence interval; HR = hazard ratio; ref = referent.
T Arobust Wald test statistic was used. All statistical tests were two-sided.

evidence of association was stronger (P, = 2.0 x 107"). There
was no evidence that the association varied by age among either
BRCAI (P =.78) or BRCA2 (P = .17) mutation carriers. The study-
specific hazard ratios are shown in Figure 1. In addition, there was
no evidence of heterogeneity in hazard ratios across the studies
(P = .22 for BRCAI mutation carriers and P = .36 for BRCA2
mutation carriers).

We repeated the analysis by censoring at breast cancer diagno-
sis. This analysis included 1742 case patients with ovarian cancer
and 14124 unaffected mutation carriers (including 8070 censored
at breast cancer diagnosis and 1316 censored at bilateral prophy-
lactic oophorectomy). Estimates from this analysis were similar to
those from the primary analysis (for BRCAI mutation carriers, per-
allele HR of ovarian cancer = 0.77, 95% CI = 0.69 to 0.87; and for
BRCA?2 mutation carriers, per-allele HR of ovarian cancer = 0.82,
95% CI =0.67 to 0.99) (Table 2). The P values were slightly larger
because of the reduced number of ovarian cancer case subjects
included in the analysis (P, = 1 x 107° for BRCAI mutation
carriers and P, = .042 for BRCA2 mutation carriers).

To investigate the associations between the SNP and ovarian
cancer risk after a breast cancer diagnosis, we defined affected

jnci.oxfordjournals.org

subjects as women who were diagnosed with ovarian cancer after a
first breast cancer diagnosis (Supplementary Table 3, available
online). Although the number of subjects diagnosed with ovarian
cancer was greatly reduced in this group (n = 524 for BRCAI and
n = 144 for BRCA?2), the associations between the SNP and ovarian
cancer risk remained statistically significant (for BRCA1 mutation
carriers, per-allele HR of ovarian cancer = 0.82, 95% CI = 0.72 to
0.93, P,.,q = 2.9 x 1073 for BRCA2 mutation carriers, per-allele HR
of ovarian cancer = 0.69, 95% CI = 0.53 to0 0.90, P,.,, = .006; and for
BRCAI and BRCA2 mutation carriers combined, per-allele HR of
ovarian cancer = 0.79, 95% CI = 0.70 to 0.88, P4 = 5.4 x 107°).
To determine whether any survival bias was introduced by in-
cluding long-term survivors, we excluded all case subjects with
ovarian cancer who were recruited 5 years or more after that diag-
nosis (Supplementary Table 4, available online). The estimates
were unchanged from the primary analysis and remained statisti-
cally significant for both BRCAI mutation carriers and BRCA2
mutation carriers, despite the small sample size (for BRCAI muta-
tion carriers, per-allele HR of ovarian cancer = 0.78, 95% CI = 0.71
to 0.86, P,.,q = 6.0 x 1077; for BRCA2 mutation carriers, per-allele
HR of ovarian cancer = 0.80, 95% CI = 0.68 to 0.94, P, = .008).
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Figure 1. Forest plots of study-specific associations between the single-nucleotide polymorphism (SNP) rs3814113 and ovarian cancer risk among
BRCA1 or BRCA2 mutation carriers. Study-specific per-allele hazard ratio estimates are presented. A) BRCAT mutation carriers. B) BRCA2
mutation carriers. The area of the square is proportional to the inverse of the variance of the estimate. Horizontal lines = 95% confidence intervals;
diamonds = the summary for all of Consortium of Investigators of Modifiers of BRCA1/2 (CIMBA). Some of the smaller studies of BRCA2 mutation
carriers have been combined with other studies from the same country. Study names are as follows: BCFR = Breast Cancer Family Registry;
BFBOCC = Baltic Familial Breast and Ovarian Cancer Consortium; CBCS = Copenhagen Breast Cancer Study; CNIO = Spanish National Cancer
Centre; CONSIT TEAM = CONsorzio Studi ITaliani sui Tumori Ereditari Alla Mammella; DKFZ = Deutsches Krebsforschungszentrum; DNA HEBON =
HEreditary Breast and Ovarian study Netherlands; EMBRACE = Epidemiological Study of BRCA1 and BRCA2 Mutation Carriers; FCCC = Fox Chase
Cancer Center; GC-HBCO = German Consortium of Hereditary Breast and Ovarian Cancer; GEMO = Genetic Modifiers of Cancer Risk in BRCA1/2
Mutation Carriers; HCSC = Hospital Clinico San Carlos; HEBCS = Helsinki Breast Cancer Study; ICO = Institut Catala d'Oncologia; IHCC =
International Hereditary Cancer Centre; ILUH = Iceland Landspitali—University Hospital; INHERIT = Interdisciplinary Health Research International
Team Breast Cancer Susceptibility; IOVHBOCS = Istituto Oncologico Veneto Hereditary Breast and Ovarian Cancer Study; KCONFAB = Kathleen
Cuningham Foundation Consortium for Research into Familial Breast Cancer; MAYO = Mayo Clinic; MSKCC = Memorial Sloane Kettering Cancer
Center; NCI = National Cancer Institute; NNPIO = N. N. Petrov Institute of Oncology; OCGN = Ontario Cancer Genetics Network; OUH = Odense
University Hospital; PBCS = Pisa Breast Cancer Study; SWE-BRCA = Swedish Breast Cancer Study; UCI = University of California Irvine; UCSF =
University of California San Francisco; UKGRFOCR = UK and Gilda Radner Familial Ovarian Cancer Registries; UPENN = University of Pennsylvania;
WCRI = Women's Cancer Research Institute.

We examined the associations between ovarian cancer risk and
rs3814113 by the BRCAI mutation class (which was based on the
predicted functional consequence) and also with respect to the
ovarian cancer cluster region in BRCA2. We found no evidence of
a difference in the hazard ratio estimate by BRCAI mutation type
(for class 1, per-allele HR of ovarian cancer = 0.78, 95% CI = 0.71
to 0.86, P4 = 6.0 x 1077; for class 2, per-allele HR of ovarian
cancer = 0.82,95% CI = 0.70 to 0.96, P, = .016 and P for differ-
ence in HRs = .87). Similarly, there was no evidence for a differ-
ence in the association between the SNP and ovarian cancer risk
by mutation position in BRCA?2 (for a mutation in ovarian cancer
cluster region, per-allele HR of ovarian cancer = 0.77, 95% CI =
0.62 to 0.95, P = .015; for a mutation not in ovarian cancer cluster
region, per-allele HR of ovarian cancer = 0.77, 95% CI = 0.63 to
0.93, P =.007).
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To determine whether SNP rs13814113 is also associated with
breast cancer risk for BRCAI mutation carriers and BRCA2 muta-
tion carriers, we performed a competing risk analysis in which we
estimated hazard ratios for breast and ovarian cancer simulta-
neously (Table 3). There was no evidence of association between
this SNP and breast cancer risk for mutation carriers (for BRCA1
mutation carriers, per-allele HR of breast cancer = 1.03, 95% CI =
0.98 to 1.10, P, = .24; and for BRCA2 mutation carriers, per-
allele HR of breast cancer = 0.97, 95% CI = 0.90 to 1.05, P,

45). The estimates for ovarian cancer risk under this analysis were

rend ~

similar to those estimated in the primary analysis.

We used the rs13814113 minor allele frequency of 0.28 in the
general population (23) to determine that 52% of BRCAI or
BRCA?2 mutation carriers were expected to have the T'T genotype,
which is associated with the highest risk of ovarian cancer. BRCAI
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.28
24

28x10°°

2 df test

1.03 (0.98 to 1.10)
1 (ref)
0.95 (0.85 to 1.06)

4.4 x 107
1 (ref) 1502 (46.5)
1376 (42.6)

0.79 (0.71 t0 0.87)
0.82 (0.65 to 1.04)

191 (50.4)
159 (42.0)
29 (7.6)

TT 1012 (45.4)

Per-allele analysis

BRCA2

969 (43.5)

CT

0.96 (0.81 to 1.15)

352 (10.9)

0.61 (0.40 to 0.93)

247 (11.1)

cc

.63

.042
012

2 df test

.45

0.97 (0.90 to 1.05)

0.80 (0.67 to 0.95)

Per-allele analysis

1 (ref)

1.02 (0.95 to 1.08)
1.01 (0.91 to 1.12)

3710 (44.4)
3705 (44.3)

1 (ref)

0.82 (0.73 t0 0.92)
0.60 (0.49 to 0.74)

890 (51.1)

2581 (44.8)
2531 (43.9)

T

BRCA1/2 combined

714 (41.0)
138 (7.9)

CT

947 (11.3)

650 (11.3)

cC

.89
73

1.1 x10°
1.6 x 107

2 df test

1.01 (0.96 to 1.06)

0.79 (0.73 to 0.86)

Per-allele analysis

Cl = confidence interval; HR = hazard ratio; ref = referent.

*

t A robust Wald test statistic was used. All statistical tests were two-sided.

mutation carriers with the TT genotype were predicted to have a
risk to age 80 years of 48%, those with the TC genotype were
predicted to have a risk of 40%, and those with the CC genotype
were predicted to have a risk of 33%. BRCA2 mutation carriers
with the T'T genotype were predicted to have a risk to age 80 years
of 14%, those with the TC genotype were predicted to have a risk
of 11%, and those with the CC genotype were predicted to have a
risk of 9%.

Discussion

Recent studies have shown that common genetic variants associ-
ated with small increments in susceptibility to breast cancer can
also modify breast cancer risks for BRCA1 and/or BRCA2 mutation
carriers (20,21). This study demonstrated that common genetic
variants modify the ovarian cancer risk for BRCAI and BRCA2
mutation carriers. We genotyped a 9p22.2 SNP, rs3814113, that
was recently found (19) to be associated with ovarian cancer in the
general population, in a cohort of 10029 BRCAI mutation carriers
and 5837 BRCA?2 mutation carriers. For both BRCAI and BRCA2
mutation carriers, a similar reduced risk of ovarian cancer was as-
sociated with the rare allele (ie, C allele) of rs3814113 (HR of
ovarian cancer = 0.78, for each group). The level of statistical
significance for BRCAI carriers (P = 4.8 x 10~) would be regarded
as “genome-wide” significant in a GWAS. Although the BRCA2
sample size was smaller, the BRCA2 association was also clear,
given that it is such a strong candidate. To our knowledge, this is
the first confirmed report of a common genetic variant modifying
ovarian cancer risk for either BRCAI or BRCA2 mutation
carriers.

When the data were analyzed within a competing risks frame-
work, we observed no association between the SNP rs3814113 and
breast cancer risk among BRCAI or BRCA2 mutation carriers.
None of the published breast cancer GWAS (29-33) of women
from the general population have reported associations for this
SNP at strict genome-wide levels of statistical significance [eg, in
the largest study (34), per-allele OR = 1.06, P = .09]. These results
indicate that, for both groups of mutation carriers and for the
general population, the predominant association is with ovarian
cancer risk and that the association with breast cancer risk, if any,
is very weak.

This study had several limitations. It was not possible to take
the precise family histories of carriers into account. Although this
did not invalidate the statistical tests of association, it may have
affected the hazard ratio estimates and will need to be taken into
consideration if these associations are to be used in counseling.
Another limitation was that at the time of analysis, we did not have
detailed ovarian tumor histology data available. Future CIMBA
studies will aim to assess the associations in mutation carriers by
different histological subtypes. A final uncertainty was that the
SNP tested is probably not the variant at this locus that is causally
related to ovarian cancer, but it is correlated with the causal SNP.
This did not invalidate the associations but may indicate that the
association with the causal variant, when it is identified by fine
mapping, will prove to be somewhat stronger.

The gene basonuclin 2 (BNC2), located on chromosome
9p22.2, may be a good candidate in this region that is associated
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with risk of ovarian cancer. BNC2 is the closest gene to the SNP
rs3814113, which is located approximately 44 kilobases upstream
of the gene. The BNC2 gene is highly conserved across verte-
brates, encodes a DNA-binding zinc-finger protein, and is pro-
posed to have a function in nuclear processing of mRNA (35,36).
This gene may potentially generate more than 2000 different
proteins from 90000 mRNA isoforms (37). BNC2 has recently
been reported (38) to be a tumor suppressor gene in esophageal

adenocarcinoma. The highest level of expression of BNC?2 is in the
ovary (39), indicating that BNC2 may potentially be the relevant
causal gene at the 9p22.2 locus. In addition, the high level of ex-
pression in the ovary is consistent with the observation that the
association appears, to date, to be restricted to this cancer type.
This locus may also be involved in oocyte development (39).
Although it is not possible to assess this hypothesis directly, parity
may be related to oocyte development and so may be a surrogate
for oocyte development. Unfortunately, data on parity for the
study subjects were not available at the time of analysis. When
these data become available, further analysis stratified by parity is
warranted.

The ovarian cancer hazard ratios associated with the minor al-
lele of rs3814113 and ovarian cancer were modest and of similar
magnitude for women from the general population, for BRCAI
mutation carriers, and for BRCA2 mutation carriers. Although
these hazard ratios for ovarian cancer translated to small differ-
ences in absolute risk between different genotypes for the vast
majority of women at low risk of this disease, the absolute risk
differences for mutation carriers were much greater. Several addi-
tional ovarian cancer susceptibility alleles have recently been iden-
tified by GWAS (40,41) at 19p13.11, 8q24, 2q31, 3q25, and 17q21;
these alleles could be strong candidates as risk modifiers for car-
riers. If these and other variants also prove to be associated with
ovarian cancer risk for mutation carriers, such information in com-
bination with other risk factors, such as parity and oral contracep-
tive use, should contribute toward the stratification of mutation
carriers by ovarian cancer risk and could eventually provide infor-
mation for the clinical management of BRCAI and BRCA2 muta-
tion carriers (42,43).

In conclusion, we have identified the first common allele that
modifies ovarian cancer risk for BRCAI and BRCA2 mutation car-
riers. It is likely that other such modifying risk variants exist and
their identification could have future implications for genetic testing
and risk counseling of women with BRCAI and BRCA2 mutations.
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