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Abstract
Background: Previously, small studies have found that BRCA1 and BRCA2 breast tumors differ in their

pathology. Analysis of larger datasets of mutation carriers should allow further tumor characterization.

Methods:We used data from 4,325 BRCA1 and 2,568 BRCA2 mutation carriers to analyze the pathology of

invasive breast, ovarian, and contralateral breast cancers.

Results: There was strong evidence that the proportion of estrogen receptor (ER)-negative breast tumors

decreased with age at diagnosis among BRCA1 (P-trend ¼ 1.2 � 10�5), but increased with age at diagnosis

among BRCA2, carriers (P-trend¼ 6.8� 10�6). The proportion of triple-negative tumors decreasedwith age at

diagnosis in BRCA1 carriers but increased with age at diagnosis of BRCA2 carriers. In both BRCA1 and BRCA2

carriers, ER-negative tumors were of higher histologic grade than ER-positive tumors (grade 3 vs. grade 1; P¼
1.2 � 10�13 for BRCA1 and P ¼ 0.001 for BRCA2). ER and progesterone receptor (PR) expression were

independently associated with mutation carrier status [ER-positive odds ratio (OR) for BRCA2 ¼ 9.4, 95% CI:

7.0–12.6 and PR-positiveOR¼ 1.7, 95%CI: 1.3–2.3, under joint analysis]. Lobular tumorsweremore likely to be

BRCA2-related (OR for BRCA2 ¼ 3.3, 95% CI: 2.4–4.4; P ¼ 4.4 � 10�14), and medullary tumors BRCA1-related

(OR for BRCA2¼ 0.25, 95% CI: 0.18–0.35; P¼ 2.3� 10�15). ER-status of the first breast cancer was predictive of

ER-status of asynchronous contralateral breast cancer (P¼ 0.0004 forBRCA1;P¼ 0.002 forBRCA2). Therewere

no significant differences in ovarian cancer morphology between BRCA1 and BRCA2 carriers (serous: 67%;

mucinous: 1%; endometrioid: 12%; clear-cell: 2%).

Conclusions/Impact: Pathologic characteristics of BRCA1 and BRCA2 tumors may be useful for improving

risk-prediction algorithms and informing clinical strategies for screening and prophylaxis. Cancer Epidemiol

Biomarkers Prev; 21(1); 134–47. �2011 AACR.
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Introduction

The tumor suppressor genes BRCA1 and BRCA2 are
associated with high risks of breast, ovarian, and contra-
lateral breast cancer. Tumors arising in BRCA1 and
BRCA2mutation carriers display characteristic pathologic
features (1–3). Cancers occurring among BRCA1 carriers
are more frequently classified as medullary (1, 4, 5) and
exhibit higher grade and mitotic count than sporadic
controls (2, 6–8). Numerous studies have linked the estro-
gen receptor (ER)-negativity of breast tumorswithBRCA1
mutation carrier status (6, 9–16). In addition, tumors
arising in BRCA1 carriers tend to lack progesterone recep-
tors (PR) and HER2, and therefore, display the "triple
negative" (TN) phenotype (6, 10). The majority of BRCA1
tumors express basal cytokeratins (17) and fall into the
‘basal’ subtype in gene expression studies (18).

Breast cancers arising in BRCA2mutation carriers tend
to be more heterogeneous than those arising in BRCA1
mutation carriers (19). They exhibit higher grade than
tumors from age-matched sporadic controls (6, 7, 20).
Several investigators have reported similar prevalence of
ER-positive tumors in BRCA2 carriers compared with
sporadic controls (6, 9, 16, 17), although in 1 study (20)
BRCA2 tumors were more often ER-positive. BRCA2
tumors are less likely to be HER2 overexpressing/ampli-
fied compared with sporadic tumors (6, 17). However,
most studies of BRCA2mutation carriers have been small,
and detailed tumor pathology information from BRCA2
carriers has been sparse.

Similarly, pathology studies conducted on contralateral
breast cancer (21) and ovarian cancer (22–24) arising in
BRCA1 and BRCA2 mutation carriers have been small in
size. In this study, we report pathology data from the
Consortium of Investigators of Modifiers of BRCA1/2
(CIMBA), which is the largest collaborative study of
BRCA1 and BRCA2 mutation carriers of its kind. We
assessed the morphology, grade, and pathologic markers
in breast tumors arising in BRCA1 or BRCA2 carriers, and
estimated age-specific distributions of the different dis-
ease subtypes. Where possible, these distributions were
comparedwith publisheddata for the general population.
In addition, we compared the pathology of tumors arising
in BRCA1 and BRCA2 mutation carriers to identify char-
acteristics that could distinguish between BRCA1 and
BRCA2 mutation carriers. Such information is relevant
for developing algorithms that predict mutation carrier
status or breast cancer risk. For ovarian cancer, we
assessed grade and morphologic features of tumors. For
contralateral breast cancer, we examined the relationship
between pathology of the second and first invasive breast
cancer. The size of thepresent dataset allowed the studyof
smaller subsets of disease, such as ER-positive tumors in
BRCA1 mutation carriers or TN tumors in BRCA2 muta-
tion carriers and the estimation of age-specific propor-
tions of tumor subtypes in BRCA1 and BRCA2 mutation
carriers, which are currently imprecise. One of the aims of
this work was to replicate findings on the basis of single

reports or much smaller studies. The results of these
analyses should be useful for improving breast cancer
risk-prediction algorithms and may inform screening
practices for, and prophylaxis of, cancers arising in
BRCA1 and BRCA2 mutation carriers.

Materials and Methods

Study participants
Eligibility to CIMBA is restricted to female BRCA1 or

BRCA2 pathogenic mutation carriers who are 18 years or
older (25). Thirty-seven groups from North America,
Australia, and Europe submitted data for this analysis
(SupplementaryTable S1). Information collected included
year of birth, age at diagnosis of breast and/or ovarian
cancer, age at last observation, family membership, race/
ethnicity, and information on bilateral prophylactic mas-
tectomy and oophorectomy. All centers obtained
informed consent from study participants and the proto-
cols were approved by local ethical review committees.

The present analysis was restricted tomutation carriers
who had been diagnosedwith breast or ovarian cancer for
whom information on tumor pathologic characteristics
was available, and to women of self-reported white Euro-
pean ancestry. The number of mutation carriers of non-
European ancestry with data on tumor pathologywas too
small to allow a meaningful analysis. Information on at
least 1 tumor characteristic was available for 4,325 BRCA1
and 2,568 BRCA2 mutation carriers.

Tumor pathology data
Data on pathology were derived from medical, pathol-

ogy, or tumor registry records or confirmed by pathologic
review. For some cases, tumor pathology was based on
immunohistochemical staining and scoring of tissue
microarrays (TMA). The sources of the data collected by
each center are shown in Supplementary Table S1. For
approximately 1,000 cases, detailed information on breast
cancer pathology, for example, staining intensity or pro-
portion of cells staining, accompanied the summary result
in the pathology records. This information was cross-
checked against the marker status provided. In case of
any discrepancies, the most widely used definitions for
the receptor status, shown in Supplementary Table S2,
were used. Grades 1, 2, and 3 represent well-differenti-
ated, moderately differentiated, and poorly/undifferen-
tiated tumors, respectively.However, no informationwas
available on the tumor grading systemusedat each center.
Data were analyzed by individual hormone receptor
status, joint expression of ER and PR, and HER2.

Mutation class and position
Mutations in the BRCA1 and BRCA2 genes can be

classified according to their potential functional effect
(26–28). Class 1 mutations are loss-of-function mutations,
expected to result in a reduced transcript or protein level
because ofmRNAnonsense-mediated decay and/or deg-
radation or instability of truncated proteins, translation
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re-initiation but no production of stable protein, or the
absence of expression because of the deletion of transcrip-
tion regulatory regions. Class 2 mutations are those likely
to generate potentially stable mutant proteins that might
have dominant negative action, partially preserved nor-
mal function, or loss of function.Class 2mutations include
missense substitutions, in-frame deletions and insertions,
as well as truncating mutations with premature stop
codons occurring in the last exon. Mutations whose con-
sequences at the transcript or protein level could not be
inferred were not considered for this classification.
Mutations occurring in the central portion of theBRCA2

gene (NG_012772), previously referred to as the "ovarian
cancer cluster region" (OCCR), are associated with a
higher ratio of ovarian: breast cancer versus mutations
outside this region (29, 30). We used the definition of the
OCCR determined by Thompson and Easton (30), as
bounded by nucleotides corresponding to regions
c.2831 to c.3847, and c.6275 to c.6401 according to the
HGVS nomenclature. As there is uncertainty in defining
precise boundaries, the wider region c.2831 to c.6401 was
used.

Statistical methods
Logistic regression was used to assess the association

between pathologic characteristics and BRCA mutation
carrier status. For assessment of continuous or ordered
variables such as grade and age, tests for trend were also
carried out. When comparing the pathologic characteris-

tics of BRCA1 and BRCA2 mutation carriers, cases from
countries where the mutation carriers had a mutation
exclusively in either BRCA1 or BRCA2 (e.g., Iceland) were
excluded. All analyses were adjusted for age at diagnosis
and for country of origin. A robust variance approachwas
used to allow for dependencies between related indivi-
duals. All analyses were carried out with Stata v10
software.

Results

Pathologic characteristics of breast tumors arising in
BRCA1 and BRCA2 mutation carriers

The analysis was based on 3,797 BRCA1 mutation
carriers and 2,392 BRCA2 mutation carriers diagnosed
with invasive breast cancer. Median age at diagnosis of
invasive breast cancers was 40 years [interquartile range
(IQR): 12.3] among BRCA1 and 43 years (IQR: 13) among
BRCA2mutation carriers. The majority of invasive breast
cancers arising in both BRCA1 and BRCA2 carriers were
ductal/no special-type carcinomas (Table 1). Further-
more, 78% of tumors arising in BRCA1 carriers were
ER-negative, 79%were PR-negative, 90%HER2-negative,
and 69% were TN. However, 23% of tumors arising in
BRCA2mutation carrierswere ER-negative, 36%werePR-
negative, 87% were HER2-negative, and 16% were TN.

Age-specific proportions of invasive breast tumors aris-
ing in BRCA1 and BRCA2 mutation carriers that were of
histologic grades 1, 2, or 3 are shown in Fig. 1. The number

Table 1. Pathology of invasive breast cancer in BRCA1 and BRCA2 mutation carriers and ORs for
predicting BRCA2 mutation carrier status

BRCA1, n (%)a BRCA2, n (%)a ORb (95% CI) ORc (95% CI)

Morphology
Invasive ductal 2,387 (80) 1,515 (83) 1.00 - (—)
Invasive lobular 67 (2.2) 153 (8.4) 3.3 (2.4–4.4) - (—)
Medullaryd 281 (9.4) 40 (2.2) 0.25 (0.18–0.35) - (—)
Other 258 (8.6) 116 (6.4) 0.81 (0.63–1.02) - (—)

ER, PR, HER2, TN
ER-positive 625 (22) 1,475 (77) 11.4 (9.8–13.2) 10.0 (8.2–12.1)
PR-positive 539 (21) 1,084 (64) 6.8 (5.8–7.9) 5.5 (4.5–6.6)
HER2-positive 138 (10) 121 (13) 1.5 (1.1–2.1) 1.3 (0.9–1.9)
Non-TN (vs. TN) 411 (31) 700 (84) 11.0 (8.8–13.8) 9.0 (6.8–11.8)

Grade
Grade 1 64 (3) 100 (7) 1.0 (—) 1.0 (—)
Grade 2 481 (20) 603 (43) 1.01 (0.72–1.44) 1.1 (0.67–1.8)
Grade 3 1,822 (77) 711 (50) 0.32 (0.23–0.45) 0.71 (0.44–1.17)

aNumber of tumors (n) of each morphology type or tumor grade, or number of receptor-positive tumors, and as percentage (%) of all
BRCA1- or BRCA2-related tumors.
bORs forBRCA2mutation carrier status, comparedwithBRCA1mutation carrier status, associatedwith tumormorphology, receptor-
positive tumors, or grade2versusgrade1, andgrade3 versusgrade1 tumors; analyseswereadjusted for country andageat diagnosis.
cAnalyses adjusted for country, age at diagnosis, and tumor grade; ORs for analysis of grade, adjusted for country, age at diagnosis,
and ER status.
dIncludes atypical medullary carcinomas.
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of women included in these analyses is shown in Supple-
mentary Table S3. Age at diagnosis was associated with
grade in BRCA1 mutation carriers, in whom grade
decreased with increasing age (ordered logistic regres-
sion, P-trend ¼ 1.4 � 10�15). There was no evidence of a
similar trend among BRCA2 mutation carriers (ordered
logistic regression, P-trend ¼ 0.07); however, the ratio of
grade 1 to grade 3 tumors increasedwith increase in age (P
¼ 6 � 10�5).

Age-specific proportions of ER-negative, PR-negative,
HER2-negative, and TN invasive breast tumors arising in
BRCA1 and BRCA2mutation carriers are shown in Fig. 2.
The frequency of ER-negative tumors decreased with the
age at breast cancer diagnosis in BRCA1mutation carriers
(P-trend ¼ 1.2 � 10�5), and increased with the age at
diagnosis in BRCA2 mutation carriers (P-trend ¼ 6.8 �
10�6). Thedistribution of PR status showed similar trends,
decreasing with age at diagnosis in BRCA1 (P-trend ¼
0.02) and increasing with age at diagnosis in BRCA2 (P-
trend ¼ 6.1 � 10�5) carriers. There was no evidence of
variation in the distribution of HER2 status by age at

diagnosis (P-trend ¼ 0.8 and P ¼ 0.9 for BRCA1 and
BRCA2 mutation carriers, respectively). However, the
number of tumors with HER2 information was limited
at the extreme age groups. The proportion of TN tumors
decreased with age at breast cancer diagnosis in BRCA1
mutation carriers (P-trend¼ 0.01), and increasedwith age
at diagnosis in BRCA2 carriers (P-trend ¼ 0.001).

The analyses described above were adjusted for grade;
analyses without this adjustment yielded similar results.
In addition, the associations were not confounded by
calendar time of diagnosis. For example, after adjusting
for 5-year cohorts based on calendar year of diagnosis, the
associations between ER status and age at diagnosis were
still significant for both BRCA1 and BRCA2 mutation
carriers (P-trend ¼ 2 � 10�5 and P-trend ¼ 1.2 � 10�5,
respectively).

For both BRCA1 and BRCA2 mutation carriers, there
were significant differences in the distribution of tumor
grade by ER status (Table 2; Fig. 3) ER-negative tumors
were associated with higher grade than ER-positive
tumors. For example, in BRCA1 mutation carriers, grade
3 tumors were less likely to be ER-positive than grade 1
tumors [odds ratio (OR) for ER-positivity 0.12; 95% CI:
0.07–.21; P ¼ 1.2 � 10�13). For BRCA2 mutation carriers,
grade 3 tumors were less likely to be ER-positive com-
pared with grade 1 tumors (OR for ER-positivity, 0.33;
95% CI: 0.17–0.63; P ¼ 0.001). The distribution of tumor
morphology by ER status is also shown in Table 2.

We tested the hypothesis that mutation class or intra-
genic position influences tumor characteristics. Approx-
imately 66% of BRCA1mutation carriers harbored Class 1
mutations and 25% had Class 2 mutations. Class 2 muta-
tions were infrequent among BRCA2 mutation carriers.
There were no significant differences between class of
BRCA1 mutation and tumor pathology of BRCA1-related
tumors. There were also no differences in characteristics
of BRCA2-related tumors according to whether the muta-
tion was within the OCCR region (32% of mutation car-
riers) or outside the OCCR (68% of mutation carriers;
results not shown).

Information was also available on a small number of
preinvasive, ductal carcinomas in situ (DCIS). Compared
with invasive breast tumors, a higher proportion of DCIS
arising in BRCA1 and BRCA2 mutation carriers were ER-
positive (Supplementary Table S4).

Comparison of BRCA1 and BRCA2 tumors
We compared the morphologic characteristics of

tumors arising in BRCA1 and BRCA2 mutation carriers.
There were significantly more lobular carcinomas among
BRCA2 carriers than among BRCA1 carriers (P ¼ 4.4 �
10�14), and significantly moremedullary or atypical med-
ullary carcinomas among BRCA1 mutation carriers than
among BRCA2 carriers (P ¼ 2.3 � 10�15; Table 1).

Logistic regression analysis, treating receptor status
(positive/negative) as the explanatory variable and
BRCA1/BRCA2 mutation status as the outcome variable,
was used to test association between tumor characteristics
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Figure 1. Age-specific proportions of grade 1, 2, and 3 breast tumors
arising among (A) BRCA1 and (B) BRCA2 mutation carriers. Error bars
represent robust CIs associated with each proportion.
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and BRCA mutation carrier status. ER-positive tumors
were more likely to arise in BRCA2 than BRCA1 (Table 1;
OR for BRCA2 ¼ 11.4; 95% CI: 9.8–13.2) and this was true
in all morphologic categories (OR for BRCA2 ¼ 10.2; 95%
CI: 8.2–12.6 among ductal/no special-type carcinoma

tumors; OR ¼ 26.6, 95% CI: 4.4–159 among lobular carci-
noma tumors; and OR ¼ 5.6; 95% CI: 1.8–17.2 among
medullary carcinoma tumors). PR-positive (OR ¼ 6.8;
95% CI: 5.8–7.9), HER2-positive (OR ¼ 1.5; 95% CI: 1.1–
2.1) and non-TN tumors (OR ¼ 11.0; 95% CI: 8.8–13.8)

A B C

D E F

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0P
ro

p
o

rt
io

n
 r

ec
ep

to
r-

n
eg

at
iv

e 1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

P
ro

p
o

rt
io

n
 H

E
R

2-
n

eg
at

iv
e

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

P
ro

p
o

rt
io

n
 t

ri
p

le
 n

eg
at

iv
e

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0P
ro

p
o

rt
io

n
 r

ec
ep

to
r-

n
eg

at
iv

e 1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

P
ro

p
o

rt
io

n
 H

E
R

2-
n

eg
at

iv
e

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

P
ro

p
o

rt
io

n
 t

ri
p

le
 n

eg
at

iv
e

<30 30–39

ER-negative PR-negative

ER-negative PR-negative

40–49

Age categories (y)

50–59 60–69 >70 <30 30–39 40–49

Age categories (y)

50–59 60–69 >70 <30 30–39 40–49

Age categories (y)

50–59 60–69 >70

<30 30–39 40–49

Age categories (y)

50–59 60–69 >70 <30 30–39 40–49

Age categories (y)

50–59 60–69 >70 <30 30–39 40–49

Age categories (y)

50–59 60–69 >70

Figure 2. Age-specific proportions of pathologic subtypes of breast tumors arising in BRCA1 and BRCA2 mutation carriers Age-specific proportions of (A)
receptor-negative (ER, PR), (B) HER2-negative, and (C) triple-negative tumors arising in BRCA1mutation carriers, and of (D) receptor-negative (ER, PR), (E)
HER2-negative, and (F) triple-negative tumors arising in BRCA2 mutation carriers. Error bars represent robust CIs associated with each proportion.

Table 2. Distribution of grade and morphology of ER-positive and ER-negative tumors in BRCA1 and
BRCA2 mutation carriers

BRCA1 Mutation Carriers BRCA2 Mutation Carriers

Type ER-Negative,
n (%)a

ER-Positive
n (%)

ORb (95% CI) ER-Negative
n (%)

ER-Positive
n (%)

OR (95% CI)

Grade
Grade 1 18 (1.2) 28 (6.9) 1.00 12 (4.3) 68 (7.4) 1.00
Grade 2 191 (13.1) 170 (41.6) 0.57 (0.31–1.05) 67 (24) 442 (48.2) 1.2 (0.60–2.4)
Grade 3 1,246 (85.7) 210 (51.5) 0.12 (0.07–0.21) 200 (71.7) 408 (44.4) 0.33 (0.17–0.6)

Morphology
Ductal 1,353 (58.8) 385 (86.5) — 266 (85.8) 889 (84) —

Lobular 16 (2.7) 21 (4.7) — 15 (4.8) 110 (10.4) —

Medullaryc 141 (23.5) 17 (3.8) — 14 (4.6) 13 (1.2) —

Other 91 (15) 22 (5) — 15 (4.8) 46 (4.3) —

aNumber of tumors (n) of each grade or morphology type by ER-status as a percentage (%) of all ER-negative or ER-positive tumors
where this information is available.
bOR and 95% CI are for ER-positive versus ER-negative disease in grade 2 or grade 3 tumors compared with grade 1 tumors. These
analyses were adjusted for age at diagnosis of breast cancer and country of origin.
cIncludes medullary and atypical medullary tumors.
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were also more likely to be BRCA2 than BRCA1 (Table 1).
The associations remained significant after adjusting for
tumor grade, with the exception of HER2. Tumors arising
in BRCA1 mutation carriers were of significantly higher
histologic grade than those arising in BRCA2 mutation
carriers (Table 1). However, this difference was not sig-
nificant when the analysis was adjusted for ER status.

Although ER and PR are highly correlated, expression
of these hormone receptors is discordant in a small pro-
portion of tumors. The tumors were, therefore, analyzed
by joint ER and PR status (Supplementary Table S5). PR-
positivity was associated with BRCA2 mutation carrier
status in ER-negative tumors. In addition, PR-positivity
was associated with BRCA2mutation carrier status in the
ER-positive subset of tumors (OR forBRCA2¼ 1.5; 95%CI:
1.1–2.0; P ¼ 0.01). There was no statistically significant
difference in the distribution of HER2 among BRCA1 and
BRCA2 mutation carriers when ER- and/or PR-positive
tumors were analyzed separately, but TN tumors were

significantly associated with BRCA1 carrier status when
compared with HER2-positive–ER-negative–PR-negative
tumors (Supplementary Table S5). In a model incorporat-
ing the joint effects of ER, PR, and HER2 in predicting
BRCA2 versus BRCA1 mutation carrier status, both ER
and PR remained significant although HER2 status was
not (ER: OR¼ 9.4; 95% CI: 7.0–12.6; PR: OR¼ 1.7; 95% CI:
1.3–2.3; HER2: OR ¼ 1.1; 95% CI: 0.7–1.6).

Pathologic characteristics of first and contralateral
breast tumors

Information on pathology was available for 720 BRCA1
and302BRCA2mutation carriersdiagnosedwith invasive
contralateral breast cancer (CBC). The median time inter-
val between first breast cancer and CBCs was 5.2 years
(IQR: 7.5) for BRCA1 and 5.0 years (IQR: 9.3) for BRCA2
carriers. The median age at diagnosis of asynchronous
CBC occurringmore than 1 year after diagnosis of the first
breast cancer, was 46 years (IQR: 13.6) for BRCA1 and 51
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years (IQR: 13.9) for BRCA2 mutation carriers. Morphol-
ogy, grade, and ER and PR status of the first invasive and
asynchronous cancers are summarized in Supplementary
Tables S6–S9. For BRCA1mutation carriers, 91% of wom-
en with ER-negative first breast cancer developed ER-
negative asynchronous CBC occurring more than a year
after the first cancer, whereas 70% of women with ER-
positivefirst cancerdevelopedER-negative asynchronous
CBC. For BRCA2 mutation carriers, 52% of women with
ER-negative first cancer developed ER-negative asyn-
chronous CBC and 12% of women with ER-positive first
cancer developed ER-negative asynchronous CBC. Logis-
tic regression analysis, treating receptor status (positive/
negative) of the second cancer as the outcomevariable and
receptor status of the first cancer as the explanatory
variable, indicated that the ER status of the first breast
cancer was predictive of ER status of the CBC for BRCA1
mutation carriers (OR ¼ 5.8; 95% CI: 2.8–11.7; P ¼ 1.2 �
10�6; Supplementary Table S8) as well as for BRCA2
mutation carriers (OR ¼ 11.0; 95% CI: 4.3–28.6; P ¼ 7.8
� 10�7). The conclusions were similar when the analyses
were restricted to asynchronous contralateral cancers (OR
¼ 4.3; 95%CI: 1.9–9.7;P¼ 0.0004 forBRCA1; andOR¼ 6.4;
95% CI: 2.0–20.9; P ¼ 0.002 for BRCA2 carriers; Supple-
mentaryTable S8). Therewere smaller numbers of carriers
with information on both ER status and grade. When
adjusted for grade, the association remained significant
in BRCA1, but was attenuated in BRCA2 carriers; how-
ever, the OR estimate was in the same direction (Supple-
mentary Table S8). In addition, PR status of the first breast
cancer was also associated with PR status of the second
cancer (data not shown).

Pathologic characteristics of ovarian cancers
This dataset included 838 BRCA1mutation carriers and

281 BRCA2 mutation carriers who had been diagnosed

with ovarian cancer. The distribution of pathologic char-
acteristics of the ovarian cancers are shown in Table 3. The
majority (67%) of all cancers (BRCA1 and BRCA2) were
serous. More than 70% of ovarian cancers in BRCA1
mutation carriers were classified as grade 3. There was
no association between grade and age at cancer diagnosis
(P ¼ 0.4). In BRCA2 carriers, the proportion of grade 3
tumors increased slightly with age, whereas the propor-
tion of grade 1 tumors decreased (ordered logistic regres-
sion, P-trend ¼ 0.03). Furthermore, 310 BRCA1 and 105
BRCA2 mutation carriers had developed breast cancer
before developing ovarian cancer.History of breast cancer
did not influence morphology or grade of ovarian cancer
(data not shown). There were no significant differences in
ovarian cancermorphology or grade between BRCA1 and
BRCA2 mutation carriers (P > 0.05, for all tests).

Discussion

We analyzed data on the pathology of breast and
ovarian tumors arising in a large series of women with
BRCA1 and BRCA2 mutations from the CIMBA consor-
tium. Previous studies that have assessed tumor pathol-
ogy in mutation carriers have been limited by small
numbers, particularly amongBRCA2 carriers. Thepresent
analysis of more than 4,000 BRCA1 and 2,000 BRCA2
carriers is the largest of its kind and allowed for accurate
assessment of tumor pathology in mutation carriers, and
more powerful comparisons betweenBRCA1 andBRCA2-
related tumors.

We confirmed that themajority ofBRCA1breast cancers
are ER-negative and TN tumors. We calculated age-spe-
cific proportions of tumors expressingpathologicmarkers
including ER, PR, and HER2. The proportion of ER-pos-
itive and PR-positive tumors increased with age among
BRCA1mutation carriers, and decreased with age among

Table 3. Distribution of morphology and grade of ovarian tumors arising in BRCA1 and BRCA2 mutation
carriers

Factor BRCA1, n (%) BRCA2, n (%) Total, n (%)

Morphology
Serous 534 (66) 191 (70) 725 (67)
Mucinous 11 (1) 4 (1) 15 (1)
Endometrioid 94 (12) 33 (12) 127 (12)
Clear cell 8 (1) 8 (3) 16 (1)
Other 166 (20) 36 (13) 202 (19)
Total 813 272 1,085

Grade
1 17 (3) 11 (6) 28 (4)
2 104 (20) 37 (21) 141 (20)
3 407 (77) 128 (73) 535 (76)
Total 528 176 704

NOTE: Number of tumors (n) of eachmorphology type or grade, and as percentage (%) of allBRCA1- orBRCA2-related tumors where
this information is available.
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BRCA2mutation carriers. Analyses adjusting for grade or
for calendar year of diagnosis to allow for changes in
screening patterns over time yielded similar results.

Tung and colleagues (8) as well as Foulkes and col-
leagues (12) reported higher prevalence of ER-positive
tumors among BRCA1 carriers diagnosed with breast
cancer at an older age. Foulkes and colleagues found
that, at every age group, the proportion of ER-negative
tumors was higher in BRCA1 mutation carriers than
non-carriers (12). We made similar observations com-
paring with the publicly available SEER data (31). We
further confirmed differences in the distribution of
grade between ER-positive and ER-negative BRCA1
tumors previously seen in smaller studies (8, 12). Tung
and colleagues also reported differences in pathology
between sporadic ER-positive tumors and ER-positive
tumors arising in BRCA1 carriers (8). More recently, they
reported that a similar percentage (80%) of ER-positive
and ER-negative BRCA1-associated tumors showed loss
of heterozygosity with loss of the wild-type BRCA1
allele (32). They suggested that ER-positive tumors in
BRCA1 carriers could be a heterogeneous group, in some
cases developing from complete loss of BRCA1 function,
whereas in others, they developed with intact BRCA1
(8). Lakhani and colleagues further proposed that envi-
ronmental exposures together with predisposition of the
cells to genomic instability could result in the same cell
populations producing different tumor subtypes (33).
However the cell (or cells) of origin of BRCA1-related
tumors have not been determined. These data suggest
that ER-positive cancers in BRCA1-carriers are related to
mutation carrier status rather than being incidental. A
more definitive resolution of this question could be
obtained by comparing the incidence of ER-positive
tumors in BRCA1 mutation carriers with the incidence
of ER-positive tumors in the general population. This is
not yet possible reliably; however, in future prospective
studies of cancer incidence, it should be possible to
stratify analyses by tumor subtype.

Several investigators have reported similar prevalence
of ER- and PR-positive disease in BRCA2 carriers com-
pared with sporadic controls (6, 9, 16, 17). Bane and
colleagues reported higher prevalence of ER-positive
tumors in a series of 64 BRCA2 mutation carriers com-
pared with age-matched non-carrier controls (20). We
found a statistically significant decrease in the proportion
of ER-positive tumors with age at diagnosis of breast
cancer in BRCA2mutation carriers, consistent with obser-
vations in a fewmuch smaller studies (12, 34). Compared
to the publicly available SEERdata from theUnited States,
the proportion of ER-negative tumors in BRCA2mutation
carriers appeared to be somewhat higher than that in
women of the same age group in the general population
(31). Although we could not directly compare the distri-
bution of pathologic markers in mutation carriers and
non-carriers in this dataset, this observation contrasts
with the well-established increase in the relative inci-
dence of ER-positive as compared with ER-negative

breast cancers at older ages observed in the general
population (35).

A number of risk-predictionmodels have recently been
extended to include tumorpathology information (36–38).
In most of these models, variation in the expression of
pathologic markers with age at breast cancer diagnosis
was not taken into account. Our results indicate that using
age-specific pathologic data in risk-prediction models
may provide more accurate mutation carrier predictions.
Furthermore, precise characterization of the distribution
of tumor pathology in mutation carriers may influence
prophylactic and treatment strategies. For example,
although it is known that TN status is associated with
BRCA1 mutations, in our study 16% (and up to 25% in
women in the age group of 50–60 years) of tumors in
BRCA2 mutation carriers were TN. Consistent with the
above observations on ER status, we also found that the
proportion of TN tumors in BRCA2 carriers increased
with age at diagnosis of breast cancer. This confirms the
observation of Atchley and colleagues (10) in a smaller
series, and contradicts the assumption that a diagnosis of
TN disease is ‘synonymous’ with BRCA1 carrier status.
TN tumors would be expected to have poorer prognosis
than ER-positive tumors and require chemotherapy. In
addition, knowing the likelihood of developing a TN
tumor in a BRCA1 or BRCA2 mutation carrier may influ-
ence the decision to undergo prophylactic surgery.

We confirmed that there are significant differences in
the distribution of ER status between BRCA1 and BRCA2
breast cancers, and also found that PR is independently
associated with mutation carrier status. Our results also
suggest that ER-positive, PR-negative tumors were less
likely to be BRCA2-related than double-positive tumors,
and ER-negative, PR-positive tumors were more likely
to be BRCA2-related than double-negative tumors. The
ER-negative andPR-positive subset of tumors, previously
considered a technical artifact, has now been shown in the
general population to exhibit unique clinical characteris-
tics, indicating that it is a distinct biologic entity (39). We
found no significant association betweenHER2 status and
BRCA1 or BRCA2 mutation carrier status. However, the
number of HER2-overexpressing tumors may have been
too small to address this reliably. TN tumors are more
likely to be BRCA1 rather than BRCA2. In addition,
we confirmed data showing that high-grade cancers are
more frequent among BRCA1 carriers and that these
women have a higher percentage of medullary cancers.
By contrast, lobular cancers are substantially more fre-
quent among BRCA2 carriers.

We found no difference in the distribution of tumor
characteristics of BRCA1 mutation carriers by mutation
category, defined by their functional effects. This analysis
may be confounded by the fact that tumor characteristics
may be used (together with other factors) to infer path-
ogenicity of a small subset of missense Class 2 BRCA1
mutations. In this dataset, only 2%of allBRCA1mutations
would have been in this category. In addition, we found
nodifference in thedistribution of tumor characteristics of
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BRCA2 carriers by mutation position (OCCR vs. non-
OCCR). Establishing tumor pathology associated with
mutations in BRCA1 and BRCA2 will further aid in the
evaluation of unclassified variants.
We further assessed the pathology of invasive CBCs

occurring in mutation carriers. Weitzel and colleagues
reported strong concordance in ER status between first
and CBC in a study of 211 BRCA1 and 75 BRCA2 carriers
(21). These investigators did not detect a relationship
between history of tamoxifen use or risk-reducing sal-
phingo-oophorectomy and ER status of CBC in BRCA1/2
mutation carriers (21). However, Swain and colleagues
found that patients in the general population with an ER-
positive primary cancer receiving tamoxifen exhibited
lower concordance rate with fewer ER-positive CBCs
(40). In our study, we confirmed the association between
ER and PR status of first invasive breast tumors and CBC,
indicating that second breast cancers arising against the
same genetic and environmental background are of sim-
ilar pathology. However, the majority (70%) of BRCA1
mutation carriers diagnosed with ER-positive first breast
cancers developed ER-negative CBC. Future CIMBA
studies will aim to compare the tumor pathology of
cancers occurring after RRSO.
In agreement with other reports, most ovarian cancers

arising in BRCA1 and BRCA2 mutation carriers in our
serieswere invasive epithelial cancers of serous histology,
andwe foundno significantdifference inmorphology and
grade of BRCA1 and BRCA2-related tumors (22–24).
CIMBA, an international collaboration, was repre-

sented by more than 37 groups from more than 20 coun-
tries in the present study. Tumor pathology data were
collected through several mechanisms, includingmedical
records, pathology reports, and TMAs. Laboratory meth-
ods for tissue preparation, immunohistochemistry, and
biochemical assays, scoring systems and data interpreta-
tion vary widely (Supplementary Table S1). However,
data collated byCIMBAaremore representative of typical
assessment of pathology conducted in routine practice,
and the distributions of ER and PR status across different
study centers and countries in CIMBA were generally
consistent. Therewas some variation in the distribution of
HER2 status across centers. This could perhaps be
explained by technical issues relating to testing of HER2
and differences in the definition of HER2 status between
centers. In addition, there was some variation in the
distribution of grade and morphology across countries.
Unfortunately, details of scoring for all mutation carriers
were not available to standardize definitions across cen-
ters. Furthermore, data on the methods of detection of
each tumor or treatment before pathologic analysis were
not available, and these factors may influence the distri-
bution of tumor subtypes detected (41). Future CIMBA
studies will aim to collect TMA data and fixed tissue
samples for rapid analysis of other markers, such as basal
cytokeratins, p53, or novel candidates, and to further
standardize collation of information on established
markers.

A further limitation of our study is that CIMBA collects
data only BRCA1 and BRCA2 mutation carriers. There-
fore, we were unable to contrast the tumor characteristics
in mutation carriers against the characteristics of breast
cancers from the general population or from breast cancer
patients without BRCA1 and BRCA2 mutations. Such an
analysiswould require careful selectionof control subjects
from the same populations who are sampled under sim-
ilar conditions as BRCA1 and BRCA2 mutation carriers.

The genetic factors underlying etiology of breast cancer
subtypes are still not fully understood. Previous studies
have reported that ER-negative tumors arising in BRCA1
and BRCA2 mutation carriers presented higher genomic
instability and patterns of genomic alteration than ER-
positive tumors (42, 43). Many of the common breast
cancer susceptibility alleles identified through GWAS are
predominantly associated with either ER-positive or ER-
negative disease. The pattern of association with ER-
positive and ER-negative disease parallels those observed
in BRCA2 and BRCA1mutation carriers, respectively (44),
indicating that commonmechanisms underlie the pheno-
type of tumors in both mutation carriers and the general
population. Recently, associations between the common
breast cancer susceptibility alleles and separate disease
subtypes in BRCA1 and BRCA2 mutation carriers were
assessed, using data on the tumor subtype distributions
presented here (47). Mulligan and colleagues showed
differences in the associations of genetic modifiers with
the risk of developing ER-positive or ER-negative breast
cancer in BRCA1 and BRCA2 mutation carriers. These
associations mirror similar differences in genetic suscep-
tibility to ER-positive or ER-negative disease seen in the
general population (45, 46). The apparent differences in
single-nucleotide polymorphisms (SNP) associations
between BRCA1 and BRCA2 carriers, and non-carriers
observed previously, may be explained by differences in
the prevalence of tumor subtypes.

The present CIMBA study is the largest of its kind,
allowing more accurate characterization of the pathology
of BRCA1 and BRCA2 tumors. As participants were col-
lated from diverse countries and study centers, the find-
ings shouldbewidely applicable.Wewere able to calculate
precise age-specific distributions of markers expressed,
and replicate findings reported in only a few small studies
to date. This information should be helpful for improving
the performance of breast cancer risk-prediction models
that calculate BRCA1 and BRCA2 mutation carrier proba-
bilities, or for developing algorithms thatpredict the risk of
specific breast cancer subtypes formutation carriers. These
may be of clinical use in guiding screening and prophy-
lactic practices for mutation carriers.
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Vennin, Claude Adenis. Hôpital Ren�e Huguenin/Institut Curie, St Cloud: Etienne
Rouleau, Rosette Lidereau, Liliane Demange, Catherine Nogues. Centre Paul
Strauss, Strasbourg: Dani�ele Muller, Jean-Pierre Fricker. Institut Bergoni�e, Bor-
deaux: Michel Longy, Nicolas Sevenet. Institut Claudius Regaud, Toulouse:
Christine Toulas, Rosine Guimbaud, Laurence Gladieff, Viviane Feillel. CHU de
Grenoble: Dominique Leroux, H�el�ene Dreyfus, Christine Rebischung, Magalie
Peysselon. CHU de Dijon: Fanny Coron, Laurence Faivre. CHU de St-Etienne:
Fabienne Prieur, Marine Lebrun, Caroline Kientz. Hôtel Dieu Centre Hospitalier,
Chamb�ery: Sandra Fert Ferrer. Centre Antoine Lacassagne, Nice: Marc Fr�enay.
CHU de Limoges: Laurence V�enat-Bouvet. CHU de Nantes: Capucine Delnatte.
CHU Bretonneau, Tours: Isabelle Mortemousque. Creighton University, Omaha,
USA: Henry T. Lynch, Carrie L. Snyder.

Helsinki Breast Cancer Study (HEBCS)
HEBCS thanks Drs. Kirsimari Aaltonen and Carl Blomqvist and research

nurse Irja Erkkil€a for their help with the patient data.

Interdisciplinary Health Research International Team Breast
Cancer Susceptibility (INHERIT BRCAs)

The authors thank Martine Tranchant for skillful technical assistance.
J. Simard is Chairholder of the Canada Research Chair in Oncogenetics

Kathleen Cuningham Consortium for Research into Familial
Breast Cancer (kConFab)

The authors thank Heather Thorne, Eveline Niedermayr, all the kConFab
research nurses and staff, the heads and staff of the Family Cancer Clinics, and

Mavaddat et al.

Cancer Epidemiol Biomarkers Prev; 21(1) January 2012 Cancer Epidemiology, Biomarkers & Prevention144

on February 21, 2014. © 2012 American Association for Cancer Research. cebp.aacrjournals.org Downloaded from 

Published OnlineFirst December 5, 2011; DOI: 10.1158/1055-9965.EPI-11-0775 

http://cebp.aacrjournals.org/
http://cebp.aacrjournals.org/


the Clinical Follow Up Study for their contributions to this resource, and the
many families who contribute to kConFab.

Memorial Sloane Kettering Cancer Center (MSKCC)
The MSKCC thanks the contributions of The Breast Cancer Research Foun-

dation, The Niehaus, Weissenbach, Southworth Cancer Research Initiative, The
Sharon Levine CorzineResearch Fund, and The Esther and Hyman Rapport
Philanthropic Trust.

Swedish Breast Cancer Study (SWE-BRCA)
SWE-BRCA collaborators (in Lund and Stockholm): A

�
ke Borg, Niklas Loman,

Ha
�
kan Olsson, Ulf Kristoffersson, Helena Jernstr€om, Katja Harbst and Karin

Henriksson, Lund University Hospital; Annika Lindblom, Brita Arver, Anna von
Wachenfeldt, Annelie Liljegren, Gisela Barbany-Bustinza and Johanna Rantala,
Stockholm, Karolinska University Hospital.

UK and Gilda Radner Familial Ovarian Cancer Registries
(UKGRFOCR)

The authors thank Paul Pharoah, Carole Pye, Patricia Harrington, and Eva
Wozniak for their contributions toward the UKFOCR. The authors would like to
acknowledge the Roswell Park Alliance Foundation for their continued support
of the Gilda Radner Ovarian Family Cancer Registry. GRFOCR would like to
acknowledge Kirsten Moysich (Department of Cancer Prevention and Control).

Grant Support

This work was supported by Cancer Research UK grants C12292/
A11174 and C1287/A10118. The research leading to these results has
received funding from the European Community’s Seventh Framework
Programmeunder grant agreementno 223175 (HEALTH-F2-2009-223175).
NM was funded by a scholarship from the Medical Research Council.
ACA is aCR-UKSeniorCancerResearch Fellow. DFE is aCR-UKPrincipal
Research Fellow.

BCFR
This work was supported by the National Cancer Institute, NIH, under RFA-

CA-06-503 and through cooperative agreements with members of the Breast
Cancer Family Registry and Principal Investigators, including Cancer Care
Ontario (U01 CA69467), Columbia University (U01 CA69398), Fox Chase Cancer
Center (U01 CA69631), Huntsman Cancer Institute (U01 CA69446), Cancer
Prevention Institute of California (U01 CA69417), University of Melbourne
(U01 CA69638), and Research Triangle Institute Informatics Support Center
(RFP No. N02PC45022-46).

BCFR—Ontario site
This work was supported by Cancer Care Ontario and the U.S. National

Cancer Institute, NIH, under RFA # CA- 06-503 and through cooperative agree-
ments with members of the Breast Cancer Family Registry (BCFR) and principal
investigators.

BFBOCC
Lithuania: This work is financially supported by the Research Council of

Lithuania grant LIG-19/2010 to R. Janavicius.

Latvia: L. Tihomirovawas financially supported by LSC grants 05.0023. 04. and
10.0010.08.

CBCS
The authors thank NEYE Foundation for financial support

Spanish National Cancer Center (CNIO)
This study was partially supported financially by the Fundaci�on Mutua

Madrile~na, Asociaci�on Espa~nola Contra el C�ancer and the Spanish Ministry
of Science and Innovation (FIS PI08 1120). This was funded, in part, by the
Basque Foundation for Health Innovation and Research (BIOEF): BIO07/
CA/006.

DKFZ study
The DKFZ study was supported by the DKFZ.

HEBON
The HEBON study is supported by the Dutch Cancer Society grants

NKI1998-1854, NKI2004-3088, and NKI2007-3756 and the ZonMW grant 91109024.

EMBRACE
EMBRACE is financially supported by Cancer Research UK Grants C1287/

A10118 and C1287/A11990. D.G. Evans and F. Lalloo are financially supported by
an NIHR grant to the Biomedical Research Centre, Manchester, UK. The
investigators at The Institute of Cancer Research and The Royal Marsden NHS
Foundation Trust are financially supported by an NIHR grant to the Biomedical
Research Centre at the Institute of Cancer Research and the Royal Marsden NHS
Foundation Trust. R. Eeles, E. Bancroft, and L. D'Mello are also financially
supported by a Cancer Research UK grant C5047/A8385.

KUMC
A.K. Godwinwas funded byU01CA69631, 5U01CA113916, and the Eileen Stein

Jacoby Fund.

GC-HBOC
GC-HBOC is financially supported by a grant of the GermanCancer Aid (grant

109076) the Centre of Molecular Medicine Cologne (CMMC).

GEMO
This study was supported by The Ligue National Contre le Cancer and The

Association "Le cancer du sein, parlons-en!" Award.

Georgetown University (GEORGETOWN)
C. Isaacs and B.N. Peshkin are supported by National Cancer Institute

Grant (NCI P30 CA51008-12) and by the Fisher Center for Familial Cancer
Research.

HEBCS
The HEBCS study has been financially supported by the Helsinki University

Central Hospital Research Fund, Academy of Finland (132473), the Finnish
Cancer Society, and the Sigrid Juselius Foundation.

Iceland Landspitali–University Hospital (ILUH)
The ILUHgroupwas supported by the IcelandicAssociation "Walking forBreast

Cancer Research" and by the Landspitali University Hospital Research Fund.

INHERIT BRCAs
This work was supported by the Canadian Institutes of Health Research for

the "CIHRTeam in Familial Risks of Breast Cancer" programand by theCanadian
Breast Cancer Research Alliance-grant #019511.

IstitutoOncologicoVeneto-HereditaryBreastOvarianCancer
Study (IOVHBOCS)

This study was supported by "Ministero della Salute" (grant numbers RFPS
2006-5-341353, ACC2/R6.9 and "Progetto Tumori Femminili").

kConFab
kConFab is supported by grants from the National Breast Cancer Foundation,

the National Health and Medical Research Council (NHMRC) and by the
Queensland Cancer Fund, the Cancer Councils of New South Wales, Victoria,
Tasmania and South Australia, and the Cancer Foundation of Western Australia
(funded by NHMRC grants 145684, 288704, and 454508).

Mayo Clinic (MAYO)
The MAYO study was supported by NIH grants CA116167, CA128978, a

Specialized Program of Research Excellence (SPORE) in Breast Cancer
(CA116201), and awards from the Komen Foundation for the Cure and the
Breast Cancer Research Foundation.

National Cancer Institute (NCI)
The research of Drs. P.L. Mai and M.H. Greene was supported by

the Intramural Research Program of the U.S. National Cancer Institute

Tumor Pathology in BRCA1 and BRCA2 Mutation Carriers

www.aacrjournals.org Cancer Epidemiol Biomarkers Prev; 21(1) January 2012 145

on February 21, 2014. © 2012 American Association for Cancer Research. cebp.aacrjournals.org Downloaded from 

Published OnlineFirst December 5, 2011; DOI: 10.1158/1055-9965.EPI-11-0775 

http://cebp.aacrjournals.org/
http://cebp.aacrjournals.org/


and by support services contracts NO2-CP-11019-50 and N02-CP-65504
with Westat, Inc.

N.N. Petrov Institute of Oncology (NNPIO)
This work has been supported by the Russian Federation for Basic Research

(grants 10-04-92601, 11-04-00250, 11-04-00227), the Federal Agency for Science
and Innovations (contract 02.740.11.0780), and the Commission of the European
Communities (grant PITN-GA-2009-238132).

Ohio State University Clinical Cancer Genetics (OSU-CCG)
Thiswork was supported by the OSUComprehensive Cancer Center. Caroline

Craven and Michelle O'Connor were responsible for patient accrual and data
management.

Universita de Pisa (PBCS)
M.Caligowas supported by an ITT (Tuscany Institute for Tumors) grant 2010-

2012.

University of California Irvine (UCI)
S.L. Neuhausen was partially supported by NIH CA74415 and the Morris and

Horowitz Families Endowed Professorship.

University of California San Francisco (UCSF)
The grant funding was obtained from the NIH, NCI Bay Area Breast

Cancer SPORE (P50-CA058207), and the Avon Foundation. Support was
also provided from the UCSF Helen Diller Family Comprehensive Cancer
Center.

UKGRFOCR
UKFOCR was supported by a project grant from CRUK to Paul Pharoah.

University of Pennsylvania (UPENN)
The funding was obtained from Breast Cancer Research Foundation (to

K.L. Nathanson); and Cancer Genetics Network and Marjorie Cohen Foun-
dation (to S.M. Domchek).

Women's Cancer Research Institute (WCRI)
WCRI acknowledges support from the American Cancer Society, SIOP-06-

258-01-CCE.

ReceivedAugust 11, 2011; revisedOctober 18, 2011; acceptedNovember
14, 2011; published OnlineFirst December 5, 2011.

References
1. Armes JE, Egan AJ, Southey MC, Dite GS, McCredie MR, Giles GG,

et al. The histologic phenotypes of breast carcinoma occurring
before age 40 years in women with and without BRCA1 or BRCA2
germline mutations: a population-based study. Cancer 1998;83:
2335–45.

2. Lakhani SR, Jacquemier J, Sloane JP, Gusterson BA, Anderson TJ,
Van De Vijver MJ, et al. Multifactorial analysis of differences between
sporadic breast cancers and cancers involving BRCA1 and BRCA2
mutations. J Natl Cancer Inst 1998;90:1138–45.

3. SoutheyMC, Ramus SJ, Dowty JG, Smith LD, Tesoriero AA,Wong EE,
et al. Morphological predictors of BRCA1 germline mutations in young
women with breast cancer. Br J Cancer 2011;104:903–9.

4. Eisinger F, Jacquemier J, Charpin C, Stoppa-Lyonnet D, Bressac-de
PB, Peyrat JP, et al. Mutations at BRCA1: the medullary breast
carcinoma revisited. Cancer Res 1998;58:1588–92.

5. Iau PT, Marafie M, Ali A, Sng JH, Macmillan RD, Pinder S, et al. Are
medullary breast cancers an indication for BRCA1 mutation screen-
ing?Amutationanalysis of 42casesofmedullary breast cancer.Breast
Cancer Res Treat 2004;85:81–8.

6. Lakhani SR, Van De Vijver MJ, Jacquemier J, Anderson TJ, Osin PP,
McGuffog L, et al. The pathology of familial breast cancer: predictive
value of immunohistochemical markers estrogen receptor, progester-
one receptor, HER-2, and p53 in patientswithmutations in BRCA1 and
BRCA2. J Clin Oncol 2002;20:2310–8.

7. Phillips KA. Immunophenotypic and pathologic differences between
BRCA1 and BRCA2 hereditary breast cancers. J Clin Oncol 2000;18:
107S–12S.

8. Tung N, Wang Y, Collins LC, Kaplan J, Li H, Gelman R, et al. Estrogen
receptor positive breast cancers in BRCA1 mutation carriers: clinical
risk factors and pathologic features. Breast Cancer Res 2010;12:R12.

9. Armes JE, Trute L,White D, SoutheyMC, Hammet F, Tesoriero A, et al.
Distinct molecular pathogeneses of early-onset breast cancers in
BRCA1 and BRCA2 mutation carriers: a population-based study.
Cancer Res 1999;59:2011–7.

10. Atchley DP, Albarracin CT, Lopez A, Valero V, Amos CI, Gonzalez-
Angulo AM, et al. Clinical and pathologic characteristics of patients
with BRCA-positive and BRCA-negative breast cancer. J Clin Oncol
2008;26:4282–8.

11. Cortesi L, Turchetti D, Bertoni C, Bellei R, Mangone L, Vinceti M, et al.
Comparison between genotype and phenotype identifies a high-risk
population carrying BRCA1 mutations. Genes Chromosomes Cancer
2000;27:130–5.

12. Foulkes WD, Metcalfe K, Sun P, Hanna WM, Lynch HT, Ghadirian P,
et al. Estrogen receptor status in BRCA1- and BRCA2-related breast

cancer: the influence of age, grade, and histological type. Clin Cancer
Res 2004;10:2029–34.

13. JohannssonOT, Idvall I, AndersonC,BorgA,Barkardottir RB, Egilsson
V, et al. Tumour biological features of BRCA1-induced breast and
ovarian cancer. Eur J Cancer 1997;33:362–71.

14. Karp SE, Tonin PN, Begin LR, Martinez JJ, Zhang JC, Pollak MN, et al.
Influence of BRCA1mutations on nuclear grade and estrogen receptor
status of breast carcinoma in Ashkenazi Jewish women. Cancer
1997;80:435–41.

15. Loman N, Johannsson O, Bendahl PO, Borg A, Ferno M, Olsson H.
Steroid receptors in hereditary breast carcinomas associated with
BRCA1 or BRCA2mutations or unknown susceptibility genes. Cancer
1998;83:310–9.

16. Palacios J, Honrado E, Osorio A, Cazorla A, Sarrio D, Barroso A, et al.
Phenotypic characterization of BRCA1 and BRCA2 tumors based in a
tissuemicroarray studywith 37 immunohistochemicalmarkers. Breast
Cancer Res Treat 2005;90:5–14.

17. Lakhani SR, Reis-Filho JS, Fulford L, Penault-Llorca F, van der Vijver
M, Parry S, et al. Prediction of BRCA1 status in patients with breast
cancer using estrogen receptor and basal phenotype. Clin Cancer Res
2005;11:5175–80.

18. Sorlie T, Tibshirani R, Parker J, Hastie T, Marron JS, Nobel A, et al.
Repeated observation of breast tumor subtypes in independent gene
expression data sets. Proc Natl Acad Sci U S A 2003;100:8418–23.

19. Vargas AC, Silva LD, Lakhani SR. The contribution of breast cancer
pathology to statistical models to predict mutation risk in BRCA
carriers. Fam Cancer 2010;9:545–53.

20. Bane AL, Beck JC, Bleiweiss I, Buys SS, Catalano E, Daly MB, et al.
BRCA2 mutation-associated breast cancers exhibit a distinguishing
phenotype based on morphology and molecular profiles from tissue
microarrays. Am J Surg Pathol 2007;31:121–8.

21. Weitzel JN, Robson M, Pasini B, Manoukian S, Stoppa-Lyonnet D,
Lynch HT, et al. A comparison of bilateral breast cancers in BRCA
carriers. Cancer Epidemiol Biomarkers Prev 2005;14:1534–8.

22. Lakhani SR, Manek S, Penault-Llorca F, Flanagan A, Arnout L, Merrett
S, et al. Pathology of ovarian cancers in BRCA1 and BRCA2 carriers.
Clin Cancer Res 2004;10:2473–81.

23. Rubin SC, Benjamin I, Behbakht K, Takahashi H, Morgan MA,
LiVolsi VA, et al. Clinical and pathological features of ovarian cancer
in women with germ-line mutations of BRCA1. N Engl J Med 1996;
335:1413–6.

24. Shaw PA, McLaughlin JR, Zweemer RP, Narod SA, Risch H, Verheijen
RH, et al. Histopathologic features of genetically determined ovarian
cancer. Int J Gynecol Pathol 2002;21:407–11.

Mavaddat et al.

Cancer Epidemiol Biomarkers Prev; 21(1) January 2012 Cancer Epidemiology, Biomarkers & Prevention146

on February 21, 2014. © 2012 American Association for Cancer Research. cebp.aacrjournals.org Downloaded from 

Published OnlineFirst December 5, 2011; DOI: 10.1158/1055-9965.EPI-11-0775 

http://cebp.aacrjournals.org/
http://cebp.aacrjournals.org/


25. Chenevix-Trench G, Milne RL, Antoniou AC, Couch FJ, Easton DF,
Goldgar DE. An international initiative to identify genetic modifiers of
cancer risk in BRCA1 and BRCA2mutation carriers: the Consortium of
Investigators of Modifiers of BRCA1 and BRCA2 (CIMBA). Breast
Cancer Res 2007;9:104.

26. Perrin-Vidoz L, Sinilnikova OM, Stoppa-Lyonnet D, Lenoir GM,
Mazoyer S. The nonsense-mediated mRNA decay pathway triggers
degradation of most BRCA1 mRNAs bearing premature termination
codons. Hum Mol Genet 2002;11:2805–14.

27. MazoyerS, PugetN,Perrin-VidozL, LynchHT,Serova-SinilnikovaOM,
Lenoir GM. A BRCA1 nonsense mutation causes exon skipping. Am J
Hum Genet 1998;62:713–5.

28. Buisson M, Anczukow O, Zetoune AB, Ware MD, Mazoyer S. The
185delAGmutation (c.68_69delAG) in the BRCA1 gene triggers trans-
lation reinitiation at a downstream AUG codon. Hum Mutat 2006;
27:1024–9.

29. Gayther SA, Mangion J, Russell P, Seal S, Barfoot R, Ponder BA, et al.
Variation of risks of breast and ovarian cancer associatedwith different
germline mutations of the BRCA2 gene. Nat Genet 1997;15:103–5.

30. ThompsonD, Easton D. Variation in cancer risks, bymutation position,
in BRCA2 mutation carriers. Am J Hum Genet 2001;68:410–9.

31. Surveillance,Epidemiology, andEndResults (SEER)ProgramLimited-
UseData (1973-2006), National Cancer Institute, DCCPS, Surveillance
Research Program, Cancer Statistics Branch, released April 2009,
based on the November 2008 submission. www.seer.cancer.gov/.

32. Tung N, Miron A, Schnitt SJ, Gautam S, Fetten K, Kaplan J, et al.
Prevalence and predictors of loss of wild type BRCA1 in estrogen
receptor positive and negative BRCA1-associated breast cancers.
Breast Cancer Res 2010;12:R95.

33. Lakhani SR, Khanna KK, Chenevix-Trench G. Are estrogen receptor-
positive breast cancers in BRCA1 mutation carriers sporadic? Breast
Cancer Res 2010;12:104.

34. Eerola H, Heikkila P, Tamminen A, Aittomaki K, Blomqvist C, Nevan-
linna H. Relationship of patients' age to histopathological features of
breast tumours in BRCA1 and BRCA2 and mutation-negative breast
cancer families. Breast Cancer Res 2005;7:R465–9.

35. Anderson WF, Chatterjee N, Ershler WB, Brawley OW. Estrogen
receptor breast cancer phenotypes in the Surveillance, Epidemiol-
ogy, and End Results database. Breast Cancer Res Treat 2002;76:
27–36.

36. EvansDG, Lalloo F, Cramer A, Jones EA, Knox F, Amir E, et al. Addition
of pathology and biomarker information significantly improves the

performanceof theManchester scoring system forBRCA1andBRCA2
testing. J Med Genet 2009;46:811–7.

37. Mavaddat N, Rebbeck TR, Lakhani SR, Easton DF, Antoniou AC.
Incorporating tumour pathology information into breast cancer risk
prediction algorithms. Breast Cancer Res 2010;12:R28.

38. Tai YC, Chen S, Parmigiani G, Klein AP. Incorporating tumor immu-
nohistochemical markers in BRCA1 and BRCA2 carrier prediction.
Breast Cancer Res 2008;10:401.

39. Rakha EA, El-Sayed ME, Green AR, Paish EC, Powe DG, Gee J, et al.
Biologic and clinical characteristics of breast cancer with single hor-
mone receptor positive phenotype. J Clin Oncol 2007;25:4772–8.

40. Swain SM,Wilson JW,Mamounas EP, Bryant J,WickerhamDL, Fisher
B, et al. Estrogen receptor status of primary breast cancer is predictive
of estrogen receptor status of contralateral breast cancer. J Natl
Cancer Inst 2004;96:516–23.

41. Sherman ME, Howatt W, Blows FM, Pharoah P, Hewitt SM, Garcia-
Closas M. Molecular pathology in epidemiologic studies: a primer on
key considerations. Cancer Epidemiol Biomarkers Prev 2010;19:
966–72.

42. Melchor L, Honrado E, Huang J, Alvarez S, Naylor TL, Garcia MJ, et al.
Estrogen receptor status could modulate the genomic pattern in
familial andsporadicbreast cancer.ClinCancerRes2007;13:7305–13.

43. Melchor L, Honrado E,GarciaMJ, Alvarez S, Palacios J, Osorio A, et al.
Distinct genomic aberration patterns are found in familial breast cancer
associated with different immunohistochemical subtypes. Oncogene
2008;27:3165–75.

44. MilneRL,AntoniouAC.Geneticmodifiers of cancer risk forBRCA1 and
BRCA2 mutation carriers. Ann Oncol 2011;22 Suppl 1:i11–17.

45. Garcia-Closas M, Hall P, Nevanlinna H, Pooley K, Morrison J, Riches-
son DA, et al. Heterogeneity of breast cancer associations with five
susceptibility loci by clinical and pathological characteristics. PLoS
Genet 2008;4:e1000054.

46. Broeks A, Schmidt MK, Sherman ME, Couch FJ, Hopper JL, Dite
GS, et al. Low penetrance breast cancer susceptibility loci are
associated with specific breast tumor subtypes: findings from the
Breast Cancer Association Consortium. Hum Mol Genet 2011;20:
3289–303.

47. Mulligan AM, Couch FJ, Barrowdale D, Domchek SM, Eccles D,
Nevanlinna H, et al. Common breast cancer susceptibility alleles are
associated with tumor subtypes in BRCA1 and BRCA2 mutation
carriers: results from the Consortium of Investigators of Modifiers of
BRCA1/2. Breast Cancer Res 2011;13:R110.

Tumor Pathology in BRCA1 and BRCA2 Mutation Carriers

www.aacrjournals.org Cancer Epidemiol Biomarkers Prev; 21(1) January 2012 147

on February 21, 2014. © 2012 American Association for Cancer Research. cebp.aacrjournals.org Downloaded from 

Published OnlineFirst December 5, 2011; DOI: 10.1158/1055-9965.EPI-11-0775 

http://cebp.aacrjournals.org/
http://cebp.aacrjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


