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Abstract

IMPORTANCE—L.imited information about the relationship between specific mutations in
BRCAL or BRCA2 (BRCA1/2) and cancer risk exists.

OBJECTIVE—To identify mutation-specific cancer risks for carriers of BRCA1/2.

DESIGN, SETTING, AND PARTICIPANTS—Observational study of women who were
ascertained between 1937 and 2011 (median, 1999) and found to carry disease-associated BRCA1
or BRCA2 mutations. The international sample comprised 19 581 carriers of BRCAL mutations
and 11 900 carriers of BRCA2 mutations from 55 centers in 33 countries on 6 continents. We
estimated hazard ratios for breast and ovarian cancer based on mutation type, function, and
nucleotide position. We also estimated RHR, the ratio of breast vs ovarian cancer hazard ratios. A
value of RHR greater than 1 indicated elevated breast cancer risk; a value of RHR less than 1
indicated elevated ovarian cancer risk.

EXPOSURES—Mutations of BRCAL or BRCA2.
MAIN OUTCOMES AND MEASURES—RBreast and ovarian cancer risks.
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RESULTS—Among BRCA1 mutation carriers, 9052 women (46%) were diagnosed with breast
cancer, 2317 (12%) with ovarian cancer, 1041 (5%) with breast and ovarian cancer, and 7171
(37%) without cancer. Among BRCA2 mutation carriers, 6180 women (52%) were diagnosed with
breast cancer, 682 (6%) with ovarian cancer, 272 (2%) with breast and ovarian cancer, and 4766
(40%) without cancer. In BRCAL, we identified 3 breast cancer cluster regions (BCCRs) located at
¢.179 to ¢.505 (BCCR1; RHR = 1.46; 95% Cl, 1.22-1.74; P = 2 x 107%), ¢.4328 to0 ¢.4945
(BCCR2; RHR =1.34; 95% ClI, 1.01-1.78; P = .04), and c. 5261 to ¢.5563 (BCCR23, RHR =
1.38; 95% Cl, 1.22-1.55; P = 6 x 1079). We also identified an ovarian cancer cluster region
(OCCR) from ¢.1380 to ¢.4062 (approximately exon 11) with RHR = 0.62 (95% ClI, 0.56-0.70; P
=9 x 10717). In BRCA2, we observed multiple BCCRs spanning c.1 to ¢.596 (BCCR1; RHR =
1.71; 95% ClI, 1.06-2.78; P = .03), c.772 to ¢.1806 (BCCR13; RHR = 1.63; 95% Cl, 1.10-2.40; P
=.01), and ¢.7394 to ¢.8904 (BCCR2; RHR = 2.31; 95% Cl, 1.69-3.16; P = .00002). We also
identified 3 OCCRs: the first (OCCRL1) spanned c.3249 to ¢.5681 that was adjacent to ¢.5946delT
(6174delT; RHR = 0.51; 95% Cl, 0.44-0.60; P = 6 x 10717). The second OCCR spanned c.6645 to
€.7471 (OCCR2; RHR =0.57; 95% ClI, 0.41-0.80; P = .001). Mutations conferring nonsense-
mediated decay were associated with differential breast or ovarian cancer risks and an earlier age
of breast cancer diagnosis for both BRCA1 and BRCA2 mutation carriers.

CONCLUSIONS AND RELEVANCE—Breast and ovarian cancer risks varied by type and
location of BRCAL/2 mutations. With appropriate validation, these data may have implications for
risk assessment and cancer prevention decision making for carriers of BRCA1 and BRCA2
mutations.

Women who have inherited mutations in BRCA1 (17921, chromosome 17: base pairs
43,044,294 to 43,125,482) or BRCA2 (13g12.3, chromosome 13: base pairs 32,315,479 to
32,399,671) have an increased risk of breast and ovarian cancers.12 Little is known about
how cancer risks differ by BRCA1 or BRCA2 (BRCA1/2) mutation type. An *“ovarian cancer
cluster region” (OCCR) has been reported in both BRCA1 and BRCA2 using small sample
sets. For BRCAL, initially mutations after exon 11 were associated with a 20% lower ovarian
cancer risk than mutations in exons 1 through 11.2 Following that observation, Thompson et
al* reported an increased risk of ovarian vs breast cancer specifically was associated with
mutations in the central portion of exon 11. This association was attributed to both a
decrease in breast cancer risk and an increase in ovarian cancer risk in this region. Mutations
in exon 11 of BRCAZ also have been associated with higher ovarian vs breast cancer risk
than in other regions of the gene.> It was hypothesized that this risk variation might be
explained by the failure of BRCAL/2 exon 11 truncating mutations to trigger nonsense-
mediated messenger RNA (MRNA) decay (NMD) because of their extremely large size,
contrary to truncating mutations in smaller exons. However, this postulate was not supported
by the measures of the relative amounts of mMRNA transcript encoded by BRCA1/2 alleles.5:’
Murine models of different mutations in BRCAL/2 also suggest that genotype-phenotype
correlations exist.8:9 To our knowledge, no study has reported whether BRCA1/2 mutation
type is associated with differences in breast and ovarian cancer risk. Thus, we evaluated
whether BRCA1 and BRCA2 mutation type or location is associated with variation in breast
and ovarian cancer risk.
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The Consortium of Investigators of Modifiers of BRCA (CIMBA) initiative is an
international collaboration of centers on 6 continents that has collected information about
carriers of disease-associated BRCA1 and BRCA2 mutations with associated clinical, risk
factor, and genetic data.10 All carriers participated in clinical assessment or research studies
at the host institutions after providing informed consent under protocols approved by
institutional review boards. For some individuals, ascertainment date reflects the earliest
date at which they came to the attention of a clinician or research investigator (eg, when they
were first seen in a clinic), even though their research participation, genetic testing, and
research data collection may have occurred many years later. Fifty-five centers and multi-
center consortia (eTable 1 in the Supplement) in 33 countries submitted deidentified data
that met the CIMBA inclusion criteria.10 Study eligibility criteria included carriage of a
disease-associated mutation and clinical data necessary to estimate hazard ratios (ie, cancer
diagnosis, ascertainment and follow-up dates). Women were excluded if they carried both a
BRCA1 and BRCA2 mutation (n = 84).

No races/ethnicities were excluded from this study. All races/ethnicities were included in
this report to provide maximal generalizability of results for populations who may be
undergoing genetic testing and counseling. All race/ethnicity designations were based on
self-report. Race/ethnicity data were collected across the various centers using either fixed
categories or open-ended questions.

Mutation Classification

Only carriers with clearly pathogenic BRCAL/2 mutations were included in this analysis.
Pathogenic mutations were defined as (1) mutations generating a premature termination
codon, except variants generating a premature termination codon in exon 27 after codon
3010 of BRCA21L: (2) large in-frame deletions that span 1 or more exons; and (3) deletions
of transcription regulatory regions (promoter and/or first exon) expected to cause lack of
expression of mutant allele. We also included missense variants considered pathogenic by
the Breast Cancer Information Core committee or published variants classified as pathogenic
using multifactorial likelihood approaches.12:13 Mutations are described here using the
Human Genome Variation Society nomenclature in which the nucleotide numbering is from
the A of the ATG translation initiator codon, and use the ¢.XXX numbering convention
(eAppendix 1 in the Supplement).

Creation of Mutation Groups for Analysis

Mutation Bins—To identify segments across the intronic and exonic regions of the
BRCAL or BRCA2 genes associated with different breast vs ovarian cancer risks, we created
bins of mutations by base pair location (Figure 1). We divided the genomic regions of both
genes to create bins of genomic sequence that contained all deleterious mutations regardless
of category or function. Bins were constructed by using an algorithm in which each bin
contained approximately equal numbers of participants with bin length defined by distance
in base pairs. We excluded large genomic rearrangements from this analysis as those
mutations span multiple bins and also undertook a subset analysis with and without missense
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mutations. The resulting bins are presented in Figure 2 and eTable 2 in the Supplement for
BRCAL and Figure 3 and eTable 3 in the Supplement for BRCA2.

Mutation Type and Functional Domains—Mutations were grouped by type and
function as frame shift, nonsense, missense, splice site, and then by in-frame and out-of-
frame. Mutation groups included individuals who carried in-frame deletions, nonsplice out-
of-frame deletions, and out-of-frame deletions. Missense mutations in BRCAL were grouped
into those within the RING1415 and BRCT domains.16-19 Only 17 BRCA2 carriers (0.1%)
had missense mutations classified as pathogenic; these were removed from the analysis
because the sample size was too small to provide statistically meaningful inferences.
Comparisons also were made of mutations predicted not to lead to NMD vs those that do
lead to NMD. Mutations predicted not to cause NMD were defined as those that lead to a
stop codon within 50 nucleotides before or within the last exon.2% In BRCAL, a subgroup
including premature termination codons before ¢.297, presumed to allow reinitiation of
translation at the AUG at that site, was examined separately.?! Premature termination
codons refer to all mutations leading to a truncated open reading frame. Putative functional
domains in BRCA1 and BRCA2 were defined using the boundaries in the Pfam database.?2
We also identified reported domains in BRCAL or BRCAZ that are involved in binding
putative proteins.

Statistical Analysis

The primary outcomes of interest were diagnosis of ovarian cancer or breast cancer. For
ovarian cancer, observations were censored at the earliest of the following outcomes:
bilateral risk-reducing salpingo-oophorectomy, death, or having reached the end of follow-
up without an ovarian cancer or other censoring event. In women with both breast and
ovarian cancer diagnoses, prior breast cancer diagnoses were ignored in the analysis of
ovarian cancer. Time to event was computed from birth to age at first ovarian cancer
diagnosis or age at censoring. For the primary event of breast cancer, observations were
censored at the earliest of the following outcomes: ovarian cancer, risk-reducing salpingo-
oophorectomy, risk-reducing mastectomy, death, or having reached the end of follow-up
without a cancer or other censoring event. Time to event was computed from birth to age at
first cancer diagnosis or age at censoring. To account for intracluster dependence due to
multiple individuals from the same family, a robust sandwich variance estimate was
specified in Cox proportional hazards models.23 All analyses were undertaken in BRCAL
and BRCA2 mutation carriers separately. The proportional hazards assumption was tested
using log(-log) plots and Schoenfeld residuals.

Our analyses assessed the relationship of mutation groups with cancer risk. First, we used
mutation bins to evaluate whether there is evidence to support the previous report of an
OCCR35 and whether breast cancer cluster regions (BCCRs) may exist. To assess whether
specific genomic regions of these genes were associated with greater breast vs ovarian
cancer risk, we computed the hazard ratio of breast cancer, the hazard ratio of ovarian
cancer, and a statistic RHR, defined as the ratio of breast vs ovarian cancer hazard ratio
estimates. Values of RHR greater than 1 indicate elevated breast cancer risk; values of RHR
less than 1 indicate elevated ovarian cancer risk. We evaluated bins of mutations across the
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span of BRCAL or BRCA2 compared with all other mutations not contained in that bin by
fitting a multiple correlated outcomes model stratified by cancer site.24 This approach
allowed us to achieve 2 goals: first, to estimate the correlation between ovarian and breast
cancer outcomes within an individual, and second, to provide an estimate of the RHR
(estimated via an interaction term between cancer site and mutation bin) with the correct
confidence interval using robust sandwich variance estimates to account for the correlation
between outcomes within a woman. All analyses were adjusted for birth year and race,
stratified by center, and controlled for clustering within family.

Second, we compared each mutation type or functional group against a common reference
group. The use of a common reference group allowed us to compare hazard ratio estimates
across different mutation classes. For both BRCAL and BRCA2, we chose exon 11 nonsense
mutations as the common reference group. Exon 11 nonsense mutations are common in
diverse ethnic backgrounds and have been demonstrated to have the same biological effect,
leading to NMD.25

Approximate cancer risks to age 70 years for specific mutation classes were derived from
the relative risk estimates. For BRCAL and BRCAZ2, estimated lifetime breast cancer
penetrances were assumed to be 59% and 51% and ovarian cancer penetrance 34% and 11%,
respectively.28 Mutation-specific penetrance estimates were derived using the method
presented in eAppendix 2 in the Supplement.

Statistical tests were judged significant based on 2-sided hypothesis tests with P < .05. All P
values were corrected for multiple hypothesis testing within each table of results by
controlling the false discovery rate (FDR) using the method of Benjamini and Hochberg.2’
Analyses were conducted in SAS version 9 (SAS Institute) or R version 2.7.2 (R Foundation
for Statistical Computing).

A total of 19 581 female carriers of BRCAL mutations and 11 900 carriers of BRCA2
mutations were eligible for inclusion in this study. Table 1 reports the distribution of dates
of ascertainment to the study as well as time from ascertainment to cancer diagnosis or
censoring, as used in the survival analysis models reported in this section. Mean age of
breast cancer diagnosis was 39.9 years in BRCAL mutation carriers and 42.8 years in BRCA2
mutation carriers. Mean age of ovarian cancer diagnosis was 50.0 years in BRCAL mutation
carriers and 54.5 years in BRCA2 mutation carriers. The 3 ovarian cancer cases diagnosed
before age 18 years were germ cell tumors and included in the analysis (Table 1). Of note,
all analyses also were undertaken excluding these 3 cases and there was no difference in the
results. The majority of the sample consisted of white women for both BRCA1 and BRCA2
mutation carriers: 92% to 93% white, including 8% to 9% Jewish women. Both BRCAL and
BRCAZ2 mutation carriers had a median parity of 2.0 live births and age at menarche of 13
years. Median age at menopause was 44 years in BRCAL and 46 years in BRCA2 mutation
carriers, reflecting in part the use of preventive surgeries.
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BRCAL: Breast and Ovarian Cancer Cluster Regions

We observed an OCCR bounded by ¢.1380 and ¢.4062 (Figure 2), suggesting a relative
decrease in breast relative to ovarian cancer risk (RHR = 0.62; 95% ClI, 0.56-0.70; FDR-
corrected P = 9 x 10~17), This estimate was obtained by considering all mutations across
multiple bins spanning the OCCR. The OCCR is explained by both a relative decrease in
breast cancer risk and a relative increase in ovarian cancer risk (eTable 2 in the
Supplement), which was statistically significant in bins 9, 11-13, 15-16, and 23 (Figure 2).
The OCCR extends further 53 of the previously reported OCCR, which was defined by the
interval ¢.2282 to ¢.4071.3 The OCCR is entirely contained within exon 11 (c.670-¢.4096)
with bins 6 and 23 being approximately coincident with the boundaries of the exon.

We also observed a relative increase in breast cancer risk and a relative decrease in ovarian
cancer risk for mutations occurring in the 53 and 33 regions of BRCAL, potentially defining
2 BCCRs (Figure 2). BCCR1 mutations within bins 4-5 (c.179-c.505) were associated with
excess risks of breast vs ovarian cancer (eTable 2 in the Supplement) and lie within the 33
region of the RING domain (c.72-c.192). Mutations in the BCCR1 were associated with a
relative increase in breast cancer risk relative to ovarian cancer risk (RHR = 1.46; 95% ClI,
1.22-1.74; FDR-corrected P = 2 x 107%). When all mutations in the RING domain were
considered together as compared with all others, they were associated with a significant
increase in breast cancer risk (HR = 1.13; 95% CI, 1.02-1.26) and a significant decrease in
ovarian cancer risk (HR = 0.81; 95% CI, 0.67-0.97). Bin 2, which contains only the founder
mutation BRCAL ¢.68_69delAG (185delAG), did not provide statistically significant
evidence for elevated breast vs ovarian cancer risks, suggesting that this mutation is
associated with relatively equivalent risks of both cancers.

Mutations in bins 26 and 29-30 in the 33 region of BRCA1 also provided evidence for
additional BCCRs. BCCR2 was associated with an increase in breast cancer relative to
ovarian cancer risk (RHR = 1.34; 95% CI, 1.01-1.78; P = .04) bounded by ¢.4328 and c.
4945, The second segment of this BCCR (denoted BCCR23) includes the BRCT domains (c.
4926-¢.5169 and ¢.5268-c.5526) and was associated with a relative excess of breast vs
ovarian cancers (RHR = 1.38; 95% ClI, 1.22-1.55; P = 6 x 10~9) (Figure 2). In the BRCT
domains, the preponderance of mutations was missense, not expected to trigger NMD. This
region also includes bin 29, which contains only the BRCAL ¢.5266dupC (5382insC)
mutation, which also is not predicted to lead to NMD as it introduces a premature
termination codon in the last exon.® In bin 30, BRCA1 ¢.5277 + 1G>A, a common splice site
mutation in the Netherlands, is observed and not expected to lead to NMD.

We compared breast and ovarian cancer risks between women who had a mutation in a
specified functional domain compared with all other women who did not have mutations in
that domain. Mutations in the RING domain were associated with higher breast cancer risks
and nonsignificant lower ovarian cancer risks than other mutations. These results are
consistent with the colocation of the BCCR1 (Figure 2) and RING domain. Mutations in the
BRCT domains were associated with higher breast cancer risk. When analyses were limited
to mutations conferring NMD, breast cancer risk became significantly associated with
mutations in the coiled coil domain.
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BRCAL: Risks by Category and Function

We observed variability in breast and ovarian cancer risks by mutation class (Table 2 and
Table 3). For BRCALl-associated breast cancer, most risk groups were associated with higher
breast cancer risk than the exon 11 nonsense mutation reference group. This result is
consistent with the data shown in Figure 2 and eTable 2 in the Supplement as it is similar in
location with the OCCR. Groups with elevated breast cancer risk include all mutations
leading to NMD (group 1), all premature termination codon mutations except for exon 11
nonsense mutations (group 2), frame shift and nonsense mutations occurring 53 of ¢.297 that
are predicted to lead to NMD and reinitiation (group 3), nonpremature termination codon
mutations (group 4), all founder mutations (group 5) and the founder mutation ¢.5266dup C
(group 5b), missense mutations (group 6) and missense mutations in the RING domain
(group 6a), missense and in-frame deletions (group 7), all in-frame deletions (group 8), and
premature termination codon mutations not leading to NMD (group 9). The majority of the
last group is comprised of ¢.5266dupC (83%). For BRCA1-associated ovarian cancer (Table
2), mutations associated with significantly lower ovarian cancer risks compared with the
reference group included mutations 53 of ¢.297 (group 3), nonpremature termination codons
(group 4), founder mutations (group 5, 5a, 5b), missense mutations (group 6, 6a), missense
and in-frame deletions (group 7), and premature termination codons not leading to NMD

(group 9).

When comparing mean age differences among women with or without a specific mutation
category or function, we found small but statistically significant differences. In BRCAL,
exon 11 mutations were associated with earlier ages at breast and ovarian cancer diagnosis.
Mutations conferring NMD or premature termination codon were associated with a later age
at breast cancer diagnosis. Conversely, an earlier age at breast cancer diagnosis was
associated with nonpremature termination codon mutations and the founder mutations
(Table 3).

BRCAZ2: Breast and Ovarian Cancer Cluster Regions

We observed an OCCR (OCCRZ1) bounded by c.3249 and ¢.5681, containing c.5946delT
(6174delT), with statistically significant evidence for a relatively higher ovarian cancer vs
breast cancer risk among carriers of mutations in bins 6-9 and 11 (Figure 3). OCCR1 is
explained by both a relative increase in ovarian cancer risk and a relative decrease in breast
cancer risk, with an increase in ovarian cancer relative to breast cancer risk (RHR = 0.51;
95% Cl, 0.44-0.60; P = 6 x 10717) (eTable 3 in the Supplement). The putative OCCR1 lies
within the previously reported OCCR3 and approximately colocalized with the BRC repeats
within exon 11.17:18.28 A second putative OCCR (OCCR2) outside of the original OCCR
boundaries also was observed defined by bin 14 (c.6645-c.7471). OCCR2 was associated
with an increase in ovarian cancer relative to breast cancer risk (RHR = 0.57; 95% Cl, 0.41-
0.80; P =.001).

We also observed a relative increase in breast cancer risk and a relative decrease in ovarian
cancer risk for mutations occurring in the 53 and 33 regions of BRCAZ2, potentially defining
multiple BCCRs (ie, BCCR1, BCCR13, and BCCR2) (Figure 3). These 3 regions were
associated with relatively increased breast cancer risk relative to ovarian cancer risk with
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RHR =1.71 (95% Cl, 1.06-2.78; P = .03), RHR = 1.63 (95% Cl, 1.10-2.40; P = .01), and
RHR =2.31 (95% ClI, 1.69-3.16; P = .00002), respectively. These regions were associated
with both increased breast cancer risk and decreased ovarian cancer risk (eTable 3 in the
Supplement).

We also observed small but statistically significant differences in the mean age at breast
cancer diagnosis associated with some of these regions. The mean age was greater for
mutations in OCCR vs mutations not in OCCR (45.0 vs 43.9 years, P < .001; mean
difference: 1.17; 95% ClI, 0.65 to 1.69), lower for mutations in BCCR1 vs mutations not in
BCCR1 (42.6 vs 44.3 years; P = .004; mean difference: —1.66, 95% CI, —2.80 to —0.53), and
lower for mutations in BCCR2 vs mutations not in BCCR2 (43.5 vs 44.3 years, P = .04;
mean difference: —0.80, 95% CI, —1.55 to —0.05).

To complement the prior set of analyses, we also present associations of breast and ovarian
cancers among groups of BRCA2 mutation carriers defined by known DNA binding domains
(Table 4). Mutations in the BRC repeats were associated with lower breast cancer risks and
higher ovarian cancer risks than those mutations not occurring in the BRC repeats consistent
with their colocation with the OCCR1 (Figure 3).

BRCAZ2: Risks by Category and Function

For BRCA2-associated cancer, the reference exon 11 mutation group was associated with
decreased breast cancer risk compared with most other mutation classes (Table 2), consistent
with colocalization with OCCR1. Compared with the reference group, ovarian cancer risks
were further reduced among women who carried premature truncation codons (HR = 0.27;
95% ClI, 0.11-0.66). We observed an association with earlier age at breast cancer diagnosis
with exon 11 mutations and for mutations not conferring NMD (Table 3).

Absolute Risks

To illustrate potential mutation-specific effects on absolute cancer risks, we used the hazard
ratio estimates to derive approximate absolute risks and 95% confidence intervals, based on
published estimates for the overall risks of breast and ovarian cancer by age 70 years.26
These estimates are for illustration and do not represent absolute risk estimates that would
be required in a genetic counseling setting, as they do not account for noncancer outcomes
that may influence a woman’s life expectancy, the effects of family history, and nonrandom
ascertainment of mutation carriers in this sample and depend on assumptions about the
prevalence of different mutation classes in the population. Using the BRCA1/2 baseline
breast and ovarian cancer risks of Antoniou et al,28 we estimated risks and confidence
intervals about these risks (eAppendix 2 in the Supplement). These confidence limits assume
that the overall risk for a given individual is provided by our estimates and should not be
interpreted as measuring the overall uncertainty in the absolute risk estimates, as shown in
Table 5. The overall breast cancer risk for BRCAL mutation carriers by age 70 years is 59%,
which increases to 69% (95% ClI, 56%—-83%) in women who carry a missense mutation,
Jewish founder mutation, or a mutation that undergoes NMD with reinitiation. The ovarian
cancer risk in BRCAL mutation carriers by age 70 years is 34% overall but decreases to 26%
(95% ClI, 109%-43%) among women who carry a founder mutation.
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Discussion

We have identified mutations in BRCAL or BRCA2 that are associated with significantly
different risks of breast and ovarian cancers. These mutation-specific risks coincide with
known or hypothesized functional domains and provide a basis around which accurate risk
estimates can be generated for women who have inherited a particular BRCA1/2 mutation.
These results are consistent with prior reports of OCCRs in both BRCA1 and BRCAZ2 that lie
in or near exon 11 of both genes.3:>29:30 Mutations in exon 11 could produce a partial
BRCAL protein encoded by the known exon 11 splice variant, while the full-length protein
is lost by the process of NMD.8 Murine embryos carrying the exon 11-deleted isoform
survive longer than those that are BRCA1 null, and BRCAL that has lost exon 11 appear to
retain partial function.3! Thus, for BRCAL, it is biologically plausible that individuals
carrying mutations within exon 11 (and the OCCR) may have a different phenotype than
other mutations. In BRCA2, we have identified OCCRs, coincident with the 8 BRC repeats.
Mutations in this region appear to be associated with NMD, which would lead to loss of
BRCA2 expression.” However, it is possible that there is persistence of an alternatively
spliced variant of BRCAZ2, without exon 11 (as for BRCAL), which would represent in-frame
mutations. In addition, the BRCA2 BRC repeats interact with RAD51, which has been
consistently shown to be a modifier of BRCA2-associated breast and ovarian cancer risk.32
Without the BRC repeats, BRCA2 might differ in interactions with RAD51 and lead to
genotype-phenotype variation. However, the biological basis of the BRCA2 OCCR remains
speculative, in particular as it does not extend throughout all of exon 11.

In BRCAZ2, several putative BCCRs were defined. The 33 BCCR coincides approximately
with mutations occurring in the oligonucleotide binding (OB) fold domains and the tower
domain. When examined independently, both of these domains were associated with
relatively elevated breast cancer risk and lower ovarian cancer risk. These mutations in
BRCAZ2 would be predicted to undergo NMD. However, it has been demonstrated
experimentally for only a few mutations, leaving the functional basis unknown.”

We have also identified a decreased risk of ovarian cancer associated with all types of
mutations predicted not to lead to NMD in BRCA2; the estimated risk was only significant
for all mutations together and those mutations leading to in-frame splice site or frame shift
mutations. These mutations all occur after nucleotide 7000 in the C-terminus of BRCAZ2,
which includes the DNA binding domains, tower domains, and OB folds.33 These functional
domains are associated with localization of BRCAZ to sites of double-stranded DNA breaks
to accomplish repair.33 These data suggest that intact protein may be protective when it
comes to ovarian cancer risk. However, the number of individuals is small and further
replication is needed.

A number of limitations of this research may influence the generalizability and translational
potential of this research. Despite the very large sample size, we were not able to investigate
some mutation and risk groups with adequate statistical power. Carriers of BRCA2 mutations
composed a smaller sample set; in particular, the number of women with BRCA2-associated
ovarian cancers was relatively small. Although all women with a documented disease-
associated mutation in the CIMBA database were included, some populations use screening
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for founder mutations as a primary method of mutation detection, such as for the 3
Ashkenazi Jewish mutations. This testing strategy may lead to underreporting of nonfounder
mutations. As such, some bias in the ascertainment of the full spectrum of mutations could
have occurred. The ascertainment strategy generally followed clinical and research protocols
similar across all centers. However, we did not correct for ascertainment, and thus bias may
have affected some variables (eg, age at diagnosis), which should be interpreted with
caution. Mutation testing was performed using methods acceptable for clinical practice at
each center, which was not uniform across all centers.

The present sample set does not reflect the general population of all mutation carriers but
reflects those women who have undergone genetic testing for BRCA1/2 mutations, a relevant
population of inference. We have presented the mutations in terms of category or effect, but
these designations are in some cases extrapolated based on experimental evidence for
similar mutations. An example is the designation of NMD inferred from mutation location,
which is based on experimental validation of only a small proportion of the mutations.5”
Similarly, inference of protein truncation based on predicted protein-truncating mutations
without experimental verification may lead to erroneous classification.2®> Penetrances that
are presented here are limited because other factors that are not accounted for here could
influence these estimates. These factors include family history and competing mortality.
These risks also depend on knowing the true prevalence of the mutation-specific classes,
which is likely to be population-specific.

In addition, the present report of more than 32 000 mutation carriers could include some of
those individuals who were included in the 1995 and 1997 articles that originally reported
the OCCR.3 It is not possible at this time to know if any of the 32 families carrying BRCA1
mutations or 25 families carrying BRCA2 originally reported also are included in the present
sample. However, it is highly unlikely that the small sample of individuals represented in the
original reports would outweigh a potential null effect among the more than 32 000
individuals studied here.

This study is the first step in defining differences in risk associated with location and type of
BRCAL1 and BRCA2 mutations. Pending additional mechanistic insights into the observed
associations, knowledge of mutation-specific risks could provide important information for
clinical risk assessment among BRCAL/2 mutation carriers, but further systematic studies
will be required to determine the absolute cancer risks associated with different mutations. It
is yet to be determined what level of absolute risk change will influence decision making
among carriers of BRCAL/2 mutations. Additional research will be required to better
understand what level of risk difference will change decision making and standards of care,
such as preventive surgery,34 for carriers of BRCA1 and BRCA2 mutations.

Conclusions

Breast and ovarian cancer risks varied by type and location of BRCA1/2 mutations. With
appropriate validation, these data may have implications for risk assessment and cancer
prevention decision making among carriers of BRCA1 and BRCA2 mutations.
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Study population (Table 1)
19581 Female BRCA1 mutation carriers
11900 Female BRCA2 mutation carriers

v

Analysis of breast cancer cluster regions (BCCRs) and ovarian cancer cluster
regions (OCCRs) (BRCA1, Figure 2 and eTable 2; BRCA2, Figure 3 and eTable 3)

Risk group: Mutations in bin within the nucleotide span of gene
Reference group: Mutations outside of each bin

v

Analysis of mutation type and function (Table 2 and Table 3)

Risk groups: Carriers of nonsense, frame shift, in-frame, missense,
splicing, genomic rearrangement, premature termination codons, or
nonsense-mediated decay mutations

Reference group: Noninsertion or nondeletion exon 11 mutations

v

Analysis of functional domains? (Table 4)
Risk groups: All mutations within the putative functional domain
Reference group: Mutations outside of the putative functional domains

\4
Estimation of penetrance

Figure 1. Analysis Workflow

Analyses undertaken are listed in the order in which they are presented in the text.

@The functional domains were the RING, coiled coil, BRCT, BRC, DNA binding,
oligonucleotide-binding folds, and tower domains.
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Figure 2. Hazard Ratio of Breast Cancer Relative to the Hazard Ratio of Ovarian Cancer by
BRCAL1 Nucleotide Position

The graph shows the ratio of hazard ratios (blue data markers) and 95% CI (error bars) for
the mutation bins defined across the span of the coding DNA sequence of the BRCAL gene.
Black arrowheads under the bins indicate 2 founder mutations of clinical interest in the
Ashkenazi Jewish population. Regions inferred to be breast cancer cluster regions (BCCRs)
and ovarian cancer cluster regions (OCCRs) are shown at the bottom. Solid light blue lines
indicate regions found to be statistically significant; dashed light blue lines indicate regions
in the same direction of effect that were not statistically significant. eTable 2 in the
Supplement lists the bins and risks used to define the BCCRs and OCCRs.
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Figure 3. Hazard Ratio of Breast Cancer Relative to the Hazard Ratio of Ovarian Cancer by

BRCAZ2 Nucleotide Position

The graph shows the ratio of hazard ratios (blue data markers) and 95% CI (error bars) for
the mutation bins defined across the span of the coding DNA sequence of the BRCA2 gene.
The black arrowhead under the bins indicates a founder mutation of clinical interest in the
Ashkenazi Jewish population. The regions inferred to be breast cancer cluster regions
(BCCRs) and ovarian cancer cluster regions (OCCRs) are shown at the bottom; the solid
light blue lines indicate regions found to be statistically significant. eTable 3 in the
Supplement lists the bins and risks used to define to define the BCCRs and OCCRs.

JAMA. Author manuscript; available in PMC 2015 August 15.



Page 26

Rebbeck et al.

v'T (¥1-0) 02 A (¥1-0) 0Z SUMIQ 8AI] JO "ON ‘Allied
6v¢ 66€ Y10
T.6 008T ysimar
S.T €ee oluedsiH
14014 Z6€ ueIsy
L8 9T UBOLIBWY UBDLIY/ /UL
¥70 0T 87 9T AMUM
Anoruyiaeoey
97T e(96-€T) v'Sp 0zt e(201-21) 0'2Y A ‘sisoubeIp 130U UBLIEAO OU UIIM USWOM JO aBe uesjy
96 0T €22 91 190UBD UBLIBAO INOUIM UBWIOAN
66 q(68-6T) 595 56 q(26-97) 0'05 K ‘sisouBelp Jaoued uelieAo Je abe uea|y
(0T0Z-296T) T00Z (TT02-66T) 1002 sisoufielp 190Ued UBLIeAO JO Jea A
756 8GEE 139UBD UBLIEAO UMM USWOA
1€l elv6-—€T) 92y 0T e(201-21) 0'TY A ‘sisouBelp 130Ue 15881 OU YIIM USWOM JO aBe Ueajy|
8¥vS 88176 192Ued 1S881q INOYIM USWOAA
8'6 (98-LT) 82 6 (g8-11) 6'6€ A ‘sisoubeip 1a0ued Jseaiq 1e abe uespy
(TTOZ-LE6T) 666T (TT0Z-2V6T) 666T sisouBelp Jaoueo 15e81q O Jea A
[4%12¢] €60 0T 139U 1SE3Ig YHUM UBWOAA
as  (sbuey) ues|n Jo uelpsN  'ON as  (sbuey) uesn 40 uelpaN  ON a|qeriep
sla111ed UoIeINIA Zvodd s1aiiIed uoeIniA Tvodd

Author Manuscript

$101984 Ys1y pue ‘salydelfowsq ‘sisoubeiq ‘QuswuIeladSY :ajdwes ApmS Jo sonsiiaoeIey)

Author Manuscript

T alqel

Author Manuscript

Author Manuscript

JAMA. Author manuscript; available in PMC 2015 August 15.



Page 27

Rebbeck et al.

's1eak Tz abe a10)jaq pasoubelp sased ewouId eI |39 Wiab € mwu:_oc_g

*130UBD Y)IM PasouBelp JaAaU 818M OUM USLLIOM BWOS 10} JusLuurelIsose Ajiwey [eulblio Jo awi je abe sapnjoul,,

Author Manuscript

99 (89-¥T) 0'9 €9 (89-97) 017 K *asnedouauu [22161ns 10 [eanyeu Je aby
9T (zz-1) oet ST (ez-8) 0'€T £ ‘ayoseusu 1e aby
as (sbuey) ues|A 10 URIPSIN  'ON as (sbuey) uesIN J0 URIPSIN  'ON a|qelaeA
sJaliae) uonein|y gvodd sas1ued uoleln|A TvOHd
Author Manuscript Author Manuscript Author Manuscript

JAMA. Author manuscript; available in PMC 2015 August 15.



Page 28

Rebbeck et al.

AIAN 01 Buipes] Jou

€ (602-€T0) 150 ¥ (6T'2-62°0) 2€T (2'0) 98 SOA ON SN ‘SJ UOX3 1se| Ul SUOPOD UOIjeuluLIa) 8injewald v
6 (88°0-80°0) 920 9. (5e2-68°0) T¥'T (01) 211 SOA ON S-d1 ‘s4-I (41ys surely ‘a011ds) suonafap swely-u| €
4 (88°0-€T0) ¥€'0  8TT (L6'1-26°0) GE'T (L'1) €02 SOA ON SN ‘s4-d1 ‘sl Uopod uoneuIWIS) ainjewsid J0N 4
€08 (80T-95°0) 8.0  €8€S (LZ'1-66'0) OT'T (2'€8) 1966 ON SOA dS-40 ‘¥49-40 ‘SN ‘Sd AN T
GGT [souassyed]l T vES [souauayay] T (#'8) TO0T ON SOA SN suoleINW asuasuou TT uox3 |}
(006 TT = U) 2vOH4d
AN 01 Buipes)
0zs (T6'0-09°0) #¥2°0 0002 (08'1-8€'T) 85T (2'81) £99¢ SOA ON 49-40 ‘dS-40 ‘SN ‘Sd 10U SUOPOJ UoNRUILLIB) Bintewald ||V 6
(uonajap abue|
8 (9,T-6T0) 150 92 (ITy-TrT) Tr'e (z0) 8¢ SOA ¥9-41 ‘dS-d1 ‘4l ‘uopod ajfurs ‘ad11ds) suonA[EP Bl 8
suons|ap
(074 (T6'0-95°0) TL'0  Sz6 (99T-2zT) 2v'T (5'8) 859T SOA 49~ ‘dS-d1 ‘4I+SN aWely-Ul pue SUOoIeINL 8SUBSSIAI L
(G2e5-998%
9 (60'T-87°0) 2.0 202 (S7'1-28°0) 60°'T (6'T) 2L8 SOA SN ") UreWwop 1. 0¥g Ul SUOIeINW 8susssIA a9
(z61-2L
TLT (96'0-950) €.°0 189 (¥8'T-2€'T) 95T (z9)erer SOA SN *0) UIWOp ONIY Ul SUOIEINLU BSUBSSIA| €9
e (¢6'0-250)€L0 668 (¥97-02T) OV'T (e'8) 02971 SOA S suonEINW 8susssIW ||V 9
(14 (26:0-250)€L'0  S99T (68'T-Tr'1) €9°'T (9°ST) TS0€ SOA S4 0dNpg9zG-o uoKEINW IBPUNO as
T6€ (28°0-TS°0) 290  €€0T (88 T-¥6'0) ¥T'T (6'TT) vzee ON Sd OVI3p69 890 LoneINW Japuno4 eg
058 (88°0-09°0) 2.0 8692 (19'T-€2T) Tr'T (5°22) SL€5 S4 suoneINW J8punoy |1 S
18 (88°0-19°0) £L'0 9862 0L T-v€T) IST (9'22) 86€S SOA ON S4'dS-dI ‘49 ‘41 ‘'S uoreuIwz) aanjewaid JoN 12
uoi 181 uonduosuen
vl (56'0-9%°0) 990  0G2 W2 1-2TT) OF'T (T'¥T) €922 ON ON SN ‘sd pawnsald 91V /620 810j8q suoneIN|A €
v2se (60'T-62°0) €6'0  8TEL (8eT-2TT)G¢T  (8€L) ESv ¥T ON SSA dS-40 ‘¥49-40 ‘SN ‘Sd suoneIN uoieUILIBY dnfewsald || 4
8£02 (TT'T-08°0) ¥6'0  69YS (€eT1-80T) 02T  (€99) L20TT ON SOA dS-40 ‘¥49-40 ‘SN ‘Sd AN T
oee [souasayed]l T 962 [8ouauayay] T (0'6) 04T ON SOA SN suoleINW asuasuou TT uox3 |}
(185 6T = U) TVOH4d
J30UBD (1D %56) 4H  490URD (12 %56) YH uoneIny uRload QNN papnjoul sadA L uoneininl uonduosag  dnolo
uelIeAQ ‘190ue) UelleAQ  1sealg ‘190ue) 1sealg YU (9%) 'ON
UM UM
UBWOAA UBWOAA
J0 'ON JO 'ON

Author Manuscript

suoneIN|A TT UOXJ UONS[BPUON 1O UOISSUIUON 01 8AIR|9Y SysIY :sdnodo) ysiy o1319ads-uoneiniy

¢ olgel

Author Manuscript

Author Manuscript

Author Manuscript

JAMA. Author manuscript; available in PMC 2015 August 15.



Page 29

Rebbeck et al.

‘Buronds

‘dS ‘8Wely JO N0 ‘4O ‘8SUBSSIW ‘Sl ‘8suasUOU ‘SN ‘Ae0ap paleIpaLU-asussuoU ‘QIAIN ‘8]qRWIISa 10U ‘TN ‘Blely-ul ‘| ‘oljel prezey ‘YH ‘uswabueiresl 1Louab ‘o YIys sWel) ‘SH :SuolRIABIgaY

GST (2€T-9%°0) 2.0 6.G (€0T-09°0) 62°0 (e'TT) THET 113p9r6S-0 UorEINW J3puno- S
1a0ueD (1D %%6) 4H  J8oueD (1D %56) dH uoneniy ulBlodd QNN papnjoul sedA L uoneIniy uonduossg  dnouo
uelenQ ‘190ue) UelleAQ  1sealg ‘190Ue) 1sealg UUM (9%6) 'ON

UM UNM

UBWIOAA UBWOAA

J0 0N 40 'ON

Author Manuscript

Author Manuscript Author Manuscript Author Manuscript

JAMA. Author manuscript; available in PMC 2015 August 15.



Page 30

Rebbeck et al.

€6' 595 595 800° ey Sty €08 €865 T
€8 695 G99 100> 8'Sy €er ST €S J

(006 TT = U) 2voHd

e T7°05 9'05 20 TTy S0v 028 0002 6

65" '8y §'05 09’ 8Ty 90y 8 9z 8

Ve 86 905 09’ 60V 90y 6¥e 526 L

65" z15 §'05 09’ zoy Loy v9 202 9

4 €6 905 6c TTy 90y TLT 189 9

65" 8'6v §'05 09’ 867 90y THe 668 9

Ve 005 9'05 100> STy G076 99T as
100> 625 zz08 100> Tv'zy €Oy 16 €e0T eg

€0’ TT'TS 120G 100> TTy Zov 058 8692 S

143 005 905 200’ TTy Sov  18. 9862 v

62 7S 505 L0 7'6€ Loy L 052 €

%0 z05 z18 100° oy v ¥2se 8TEL z

€ €05 805 100> TOv v 8€0T 6915 T
100> A z'05 100> vy voy  9ee 9. J
(185 6T = U) TvONHd

aNjeAd ddd  UOHEINA INOUNAN  UOHEINIAl YUAA  8N[eAd ¥4 UOHEINIA INOUNAA  LUOHBINA UHAA - J30ueD Js0ueD ednoig

Jagued ueltenQ

J90ue)) 1sealyg

K sisoubeiq 1e aby Ues |

ueLIBAQ YUAA USWOAN JO "'ON

1seadg YUAA USWOAN JO 'ON

Author Manuscript

Jaoue) ueLIeAQ 10 Ja9uR) 1sealg Jo sisoubelq 1e saby :sdnoio) ysiy a1j19ads-uoneiniy

€9l|qel

Author Manuscript

Author Manuscript

Author Manuscript

JAMA. Author manuscript; available in PMC 2015 August 15.



Page 31

Rebbeck et al.

'Z 9|qe.L ul Jeadde suondiiosap %an

3184 AI9A0DSIP 8s[ey ‘HA4 :suoneIARIgaY

S9° 8895 L¥'98 T00> £8'GY geer  GGT 6.9 S
v6° S99 0'€s 0g’ 9ey ver € 44 14
¥6° S5 €99 44 9ty vy 6 9. €
v6’ 9SS L'SS 44 9ey A4 AN 8TT 14
sNjeA d Jddd4  uonemnz 1INoYyuaA - uoleini YA 3njeA d A4 UOREBINIA INOYUAA - uoleIniA YA - J8dued 130ue) ednois
uBLIBAQ YHAA USWOAA JO 'ON 158949 UUAA USWIOAA JO "'ON
J3due) uelleAQ Jadue) 1sealg
A 'sisoubeiq 1e aby ues|y

Author Manuscript

Author Manuscript

Author Manuscript Author Manuscript

JAMA. Author manuscript; available in PMC 2015 August 15.



Page 32

Rebbeck et al.

IYT-LT'T ‘1D %56 ‘TE'T = dH :AJU0 SuoIeINW UOPOI UOITRUILLIB) m‘_sam_tm‘_n_w

"ZLT-G0'T ‘10 %G6 ‘GE'T = ¥H :AJuo QIAIN Butiiajuod suoneniy

p

"¥€'9-€0'T ‘1O %G6 ‘95°C = ¥H AJUo QAN Butiiajuod mco:mus_\/_o

"06'T-90'T ‘10 %G6 ‘2¥'T = ¥H :AJuo suoreInl asuassiin

q

"SUOITEINW Z2DYd JO SIa111ed 006 TT PUe SUOHEINW Ty JO SI8LUED T8S 6T mcoE<m

‘Buipuig-apnoajonuobijo ‘g ‘Aedsp paleipaw-asuasuou ‘AN 01el pJezey ‘HH ‘a1ed AIaA0ISIp as|e) ‘4a4 :SUoneINIqaY

or  [(00T-81°0) 20 625/8T 6T’ (95'1-26'0) 02T YST/E6T 9T98-Evy8d  TSAVY 1amoL
0/56-95T60
10
20 (¥8'0-6£0) LG50 928/05 L0 1y(LET-T0T) 8T Y9E/ZTS 00r8-0T08  W¥NASS  SpIoj 90
Buipuig
1L (BST-TL0)90°T LELIEY 80" (88'1-66'0) LT'T 9EE/Y9Y T008-LEVL™D vNd
§529-€5T9D
10
‘ST09-ET650
‘€T95-TTGGD
'¥605-2661'
‘£597-TGGY'0
‘G9EY—E€92Y0
(61°0-95'0) 19 '8E/£-9£9€0
Ll (£5'T-8L0) 60T 16S1/502 100> yB6L0795°0) L9°0 266/018 ‘80TE-900€0  1SAVY o¥g  gvoud
9255-89259
10
60" (10'T-¥20) 98°0 1£17/862 100>  4o(BET-STT) 92T 2€8/£021 69T5-926v0  THOVH 104g
2LTr-T6TYD
10
88 (0ST-29°0) L6'0 eLT/68 9T’ p(rS1-€6'0) 02'T 06/22T 6T8E-6G/E0  z9Ivd 1102 pa|ioD
10 (£6'0-29°0) T8°0 TLTT/S02 po 9q9TTTOTIETT G6S/T8L 26T-2/9 1Adve ONIY  TvOMd
anfeA (10 9%%6) ¥H guonEINA anfeA (10 9%56) ¥H guonEINA uoifey  Jsurred urewoq CIED)
d dad moyupm/yum oN  d 804 INOYUAM/YUM "ON Buipuig
190Ue)) Uerienp J190uR) 1sealg

urewioq ayl ulyuan asoyl sa (dnous aguaiajay ayl ‘al) urewiod ayl ul J0N suoneny Jo uostiedwo) :surewoq Bulpuig 211193dS YUAA Pa1RId0oSSY SYSIY

Author Manuscript

v alqel

Author Manuscript

Author Manuscript

Author Manuscript

JAMA. Author manuscript; available in PMC 2015 August 15.



Page 33

Rebbeck et al.

"LL'0~-ET'0 'ID %56 ‘T€'0 = ¥H :AJuo QAN Butiiajuod wco_HmSS:

‘87’ T-L0'T ‘1D %S6 ‘92'T = ¥H :AJUO SUOIEINW UOPOJ UOITRUILLIS) aanjewssid,

87’ T-L0'T ‘1D %56 ‘92'T = ¥H :AJuo QIAIN Buriajuod mco:S:S_r_

*31BWINSS SIY} 0} PAINLIU0D AJUO SUOITBINW UOPOI UOIBUILLIS) ainjewsidy

'65T-02'T "1 %86 '8E'T = ¥H AIU0 QNN Butuiauo suoseniy,

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

JAMA. Author manuscript; available in PMC 2015 August 15.



Page 34

18S e1ep IOWHGINT 8Y) Ul UoNEINW ZyDxd J0 TOd PUe Jaoued paifioads syl YIAM SSejo UOIEINW SIY) YIAM SILeD uoneinw snobAzolsiay Jo uontodoud ayp se paunsa,

(8e-0) € 1T 90 (2) 01d 10N €0 Areno
(e a1qel)
(¥5-22) o7 15 1 Surewop DHg 8y UIyIM suofreinw Buiesuni L L0 1sealg  Zvodd
(ev—0T) 92 e 9T (G) suoneInw sepunoy || L0 Kreno
(€8-99) 69 65 9T (§) suoneInw sepunoy || " 1sealg  Tvodd
(1D 9%656) % 's1eaA (V301av049) % ‘stedp 0, (eved 3OVHANT) % (‘0N dnou9) £~z sajqe.L ‘st anneey SIY BAIR[BY B8NS JBdURD  BUBD
0. 8bv 01 dueIBUad aby 0180UBIIBURd I[eIBAD  ‘goujeAsld UOITEINIA asay L 01 Buipuodsaliod sdnoas uoneIniy o13193dS-uoneIny
oly1oads-uoneIniA ’ ueoyiubls Ajfeonsiels

Rebbeck et al.

dnolg uoneinpy ul ¥siy PaILIPOIA PuR XSIY auljaseq :siea A 0/ aby Aqg saouenauad Jaoue) aAneluasaldey

G 9lqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

JAMA. Author manuscript; available in PMC 2015 August 15.



