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Abstract It is not well known to what extent carrying a
BRCA2 mutation affects the survival of women with breast
cancer and prognostic factors among BRCAZ2-positive
women warrant investigation. Using a record linkage
approach we compared the long-term survival in carriers
and noncarriers of an inherited BRCA2 founder mutation
(999del5), and sought to identify prognostic factors among
the BRCA2 mutation-positive subset, including markers of
genetic instability (aneuploidy) and mitotic activity
(S-phase fraction). We established the genetic status of
2,967 Icelandic breast cancer patients (215 mutation
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carriers and 2,752 noncarriers) diagnosed from 1955 to
2004, representing 72 % of all cases diagnosed in the
country during this period. Tumour ploidy and S-phase
fraction were assessed on tumour cells by DNA flow
cytometry. Prognostic factors were assessed blindly with
respect to mutation status. Univariate and multivariate haz-
ard ratios (HR) were estimated for breast cancer-specific
survival by BRCA?2 status, using Cox regression. After a
median follow-up of 9.5 years, BRCA2 mutation carriers had
a higher risk of death from breast cancer than noncarriers
(HR 1.64,95 % CI 1.24-2.16, p < 0.001). The risk increase
was restricted to women with diploid tumours (HR 3.03,
95 % CI 1.91-4.79, p <0.001). Among breast cancer
patients with aneuploid tumours, survival of carriers was
similar to that of noncarriers (HR 0.76, 95 % CI 0.41-1.41,
p = 0.38). Increased tumour size and a positive nodal status
predicted worse prognosis in all patients, whereas the highly
correlated prognostic factors diploidy, low proliferative
activity and a positive estrogen receptor status had reverse
effects in mutation carriers and noncarriers. Breast cancer
patients who carry the Icelandic founder BRCA2 mutation
have inferior long-term survival than noncarriers, but the
adverse prognosis is restricted to mutation carriers with
diploid, slowly proliferating tumours.

Keywords BRCA2 mutation - Breast cancer - Survival -
Prognostic factors - Ploidy

Introduction

Inherited mutations in the BRCA2 gene increase the risk of
breast cancer by approximately tenfold [1-3]. A founder

mutation in BRCA2 (995delS) is present in 0.6 % of the
general population of Iceland and in 6-7 % of unselected
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breast cancer patients. This is the only BRCA2 mutation
detected in the Icelandic population, a five base pair
deletion leading to a premature stop codon [4]. Recently, it
has been proposed that women with breast cancer and a
BRCA2 mutation have a higher case fatality than women
with sporadic disease (Hazard ratios (HR) 1.81, 95 % CI
1.15-2.86, p = 0 .01) [5], but the mortality disadvantage
was attenuated after adjustment for age and other prog-
nostic factors (HR 1.12; 95 % CI, 0.70-1.79, p = 0.64).
There are few other studies of the prognosis of women with
BRCA2-mutation-associated breast cancers and little is
known about the features that are predictive of survival in
this hereditary subgroup. Population-based studies with
long-term follow-up will help resolve this question [5-7].
Genetic instability is a hallmark of solid tumours and has
been described as ‘the engine of both tumour progression
and tumour heterogeneity’ [8]. In cancer cells, it is some-
times manifest at the nucleotide level, but it is also
observed at the chromosomal level [8]. Aneuploidy is an
aberrant chromosome number that deviates from a multiple
of the haploid. Aneuploidy is one of the most common
characteristics of cancer cells and is present in approxi-
mately 85 % of solid tumours [9, 10]. The BRCA2 protein
has an important function in DNA repair via homologous
recombination [11] and genetic instability is increased in
the cells of mutation carriers [12, 13]. Breast cancer cells in
BRCA2 mutation carriers often exhibit complex chromo-
somal changes, including DNA copy number variations
[13-15]; however, it is currently not known to what extent
BRCA2-mutation-associated tumours are aneuploid or
whether aneuploidy impacts upon patient survival.

In Iceland, information is available for all breast cancers
diagnosed since 1955 and for the majority, genetic BRCA2
mutation status has been established. Information on
tumour ploidy and S-phase fraction (a proliferative index
indicating the percentage of cells in a tumour that are in the
S-phase of the cell cycle) is available for the majority of
cases diagnosed since 1981. We used data from the
national population-based Cancer Registry of Iceland to
compare the long-term survival experiences of breast
cancer patients with and without a BRCA2 mutation and we
studied the effects of tumour size, nodal status, tumour
grade, estrogen receptor (ER) status, tumour ploidy and
S-phase fraction on survival in the hereditary and non-
hereditary subgroups.

Methods
Study population

Iceland is a country of 320,000 individuals and currently
approximately 190 cases of breast cancer are diagnosed
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annually. The Icelandic Cancer Registry [16], founded in
1954, was the main source of information for the breast
cancer patients in this study. The present study group
consists of 2,967 patients diagnosed from 1955 to 2004
with primary invasive breast cancer. They were screened
for the Icelandic BRCA2 founder mutation 999del5 in
connection with a breast cancer research project conducted
at the Icelandic Cancer Society in 1987-2004, by using a
blood sample donated by participants (n = 968 cases), a
stored paraffin-embedded tumour sample (n = 963), or
both types of samples (n = 1036). As the Icelandic muta-
tion is a five base pair deletion, there is complete correla-
tion between the BRCA2 status of the paraffin embedded
tumour samples and the blood samples. The 2,967 cases
represent 71.7 % of all cases of breast cancer diagnosed in
Iceland during this time period. Of these women, 1,856
have now died (62 %).

The blood samples were drawn at or after diagnosis; for
1,046 women the sample was obtained more than 2 years
after diagnosis. Including these patients in the study would
potentially introduce survivorship bias [17]. For 881 of
these 1,046 cases, a paraffin sample was also available. In
sensitivity analyses, neither the inclusion of these 881
cases, nor the remaining 165 cases affected the results, so
they were included in all analyses.

Information on histology has been recorded on all cases,
information on tumour size and nodal involvement has
been recorded since 1974, information on ER and proges-
terone receptor (PR) status has been recorded since 1981
and information on tumour grade was recorded from 1981
to 1984 in the context of a research study [18], and since
1991. Routine assessment of HER2 receptor status began in
Iceland in 2004 and information on HER2 was not avail-
able for the patients in the current study.

Markers of genetic instability

In 1991, routine assessment of S-phase and DNA ploidy
by flow cytometry was initiated at the Department of
Pathology at the University Hospital, using paraffin-
embedded breast tumours rendered for histology [19].
Ploidy and S-phase had also been recorded for breast
cancer patients diagnosed from 1981 to 1984 [18].
Tumours were classified as diploid if the DNA index was
1.00 + 0.15 and aneuploid if the DNA index was <0.85 or
>1.15 [20]. Eight tetraploid tumours (DNA index = 2.0)
were included in the aneuploid group. S-phase fraction
was divided into two groups based on the proportion of
dividing cells (low: <7.0 %; intermediate to high >7.0 %).
Approval was obtained for this study from the Icelandic
Data Protection Authority (2006050307) and the National
Bioethics Committee of Iceland (VSNb2006050001/
03-16).
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Statistical analysis

The mean values for continuous variables were compared
for mutation carriers and noncarriers, using the ¢ test sta-
tistic. The Wilcoxon rank-sum test was used to compare
median values and the Chi square test was used for com-
paring proportions. All statistical tests were two-sided and
p values less than 0.05 were considered to be statistically
significant. The Kaplan—-Meier method was used for gen-
erating univariable survival curves and the Log-Rank test
was used for comparing them. Relative hazards were
estimated using the Cox proportional hazards model.
Patients were followed from the date of diagnosis until
death or last date of follow-up (December 31st, 2009). The
outcome was breast cancer-specific survival, defined as the
time from diagnosis to death from breast cancer, as regis-
tered on death certificates. Patients who died of causes
other than breast cancer were censored at the date of death.

Initially, we compared the crude survival in the carriers
and the noncarrier comparison group. We then conducted a
series of adjusted survival analyses. In the initial analysis,
adjustment was made for year of birth and year of diagnosis.
In a subsequent multivariable analysis, we also adjusted for
tumour size (<20 mm, 20-50 mm, 51+ mm), lymph node
status (positive/negative), grade (I, II, III), and ER status
(negative/positive).

We then conducted additional analyses to evaluate the
markers of genetic instability (tumour ploidy (diploid/
aneuploid) and S-phase fraction (low/intermediate to high).
We evaluated the impact of tumour ploidy and S-phase
fraction on survival in the hereditary and non-hereditary
cancers separately. All analyses were performed using
STATA Statistical Software Stata 10 for Windows.

Results

Characteristics of patients and their tumours according
to mutation status

Genetic testing was performed on 2,967 breast cancer cases
diagnosed between 1955 and 2004. The study group
represents 71.7 % of all cases diagnosed in that period. Of
the tested cases, 215 (7.2 %) were found to be BRCA2
mutation carriers and 2,752 (92.8 %) were found to be
noncarriers. Mutation carriers were on average younger at
diagnosis than noncarriers (49.5 vs. 57.6 years) (Table 1).
Tumours from mutation carriers were on average larger (28.1
vs.23.1 mm, p < 0.001) and were more often node-positive
(52.4vs.41.9 %, p = 0.008) than tumours from noncarriers.

Information was available for grade, ER status and
markers of genetic instability for most patients diagnosed
since 1981 (Table 1). Tumours in mutation carriers were

more often grade 3 than in noncarriers (50.0 vs. 31.4 %,
p < 0.001). Carriers and noncarriers were similar for the
proportion of ER-positive tumours (70.6 % in carriers and
75.7 % in noncarriers, p = 0.23) and for the proportions
with diploid tumours (52.0 % in mutation carriers and
49.1 % in noncarriers, p = 0.57). The median S-phase
fraction was higher for carriers (6.5 % dividing cells) than
for noncarriers (4.4 %; p < 0.001).

In the data set, low S-phase fraction (<7 %) was highly
correlated with tumour diploidy (OR 12.5, 95 % CI 9.1-
17.0, p < 0.001). ER-positivity and diploid status were also
positively correlated, but to a lesser extent (OR 1.6, 95 % CI
1.2-2.1, p = 0.001) as were ER-positivity and low S-phase
fraction (OR 3.9, 95 % CI 2.9-5.2, p < 0.001). These
associations were present in both carriers and noncarriers.

Mutation status and survival

The median follow-up time was 9.5 years. The actuarial
10-year survival was 53 % (95 % CI 0.46-0.60 %) for
carriers and was 72 % (95 % CI 0.70-0.74 %) for non-
carriers (Fig. 1). The HR of death from breast cancer
associated with a BRCA2 mutation was 1.61 (95 % CI
1.32-1.96, p < 0 .001) in the overall group, adjusting for
year of birth and year of diagnosis. After adjustment for
tumour size and nodal status as well, the HR was 1.32
(95 % CI 1.02-1.73, p = 0.038). Among the subgroup of
patients (diagnosed 1981-2004) for whom information on
other tumour characteristics was available (grade, ER sta-
tus, diploidy), the unadjusted and adjusted (for all factors)
HR associated with a BRCA2 mutation were 1.64 (95 % CI
1.24-2.16, p <0.001) and 098 (95 % CI 0.64-1.48,
p = 0.91), respectively (Table 2).

The HR associated with the various tumour character-
istics in the mutation-negative and mutation-positive sub-
groups are provided in Table 3 (adjusted for year of birth
and age) and in Table 4 (adjusted for all prognostic fac-
tors). Among noncarriers, an increased risk of death was
associated with larger tumour size, positive lymph nodes,
high tumour grade, negative ER status, aneuploidy and a
high S-phase fraction. Among mutation carriers, only the
associations with tumour size and lymph node status were
as seen in noncarriers. In carriers, there was no significant
association with grade, and the associations with ER status,
with tumour ploidy and with S-phase fraction were oppo-
site to what was expected. In the multivariable analysis
(Table 4), among BRCA2 mutation carriers, tumour dip-
loidy was an independent and statistically significant pre-
dictor of poor prognosis (HR 4.86, 95 % CI 1.65-14.30,
p = 0.004). Similarly, in the multivariable analysis, among
BRCA2 mutation carriers, low tumour S-phase fraction
(<7.0 %) was highly predictive of poor survival (HR 12.7,
95 % CI 2.40-67.4, p = 0.003) (because of co-linearity we
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Table 1 Characteristics of
breast cancer patients and
tumours according to BRCA2
mutation status

ER estrogen receptor

did not include both aneuploidy and S-phase fraction in the
same model). In noncarriers, low S-phase fraction was
associated with good prognosis (HR 0.71, 95 % CI

0.50-1.01, p = 0.06).

@ Springer

Characteristic BRCA2 mutation Noncarriers p value
Entire dataset diagnosed 1955-2004
Mutation status analysed (1) 215 2752
Year of birth, mean (range) 1934 (1891-1971) 1930 (1868-1974) <0.001
Year of diagnosis, mean (range) 1984 (1955-2004) 1988 (1955-2004) <0.001
Age at diagnosis, mean (range) 49.5 (21-77) 57.6 (22—-100) <0.001
Second invasive breast cancer 219 % 6.8 % <0.001
Morphology (n)
Ductal 87.7 % 90.6 % 0.168
Lobular 12.3 % 94 %
Other and unknown (n) 3 136
Size
Mean (mm) 28.1 (5-110) 23.1 (1-150) <0.001
T1 <20 mm 50.0 % 59.1 % 0.039
T2 > 20 mm and <50 mm 404 % 352 %
T3 > 50 mm 9.6 % 5.7 %
Unknown (n) 69 571
Nodal involvement
No 47.6 % 58.1 % 0.008
Yes 524 % 419 %
Unknown (n) 47 586
Detailed information () 89 1,430 0.009
0 positive nodes 50.6 % 58.5 %
1-3 positive nodes 24.7 % 253 %
4-9 positive nodes 10.1 % 10.5 %
>10 positive nodes 14.6 % 5.7 %
Subset diagnosed 1981-2004, with grade, ER status, ploidy and S-phase fraction recorded
Mutation status analysed (1) 134 2,099
Grade
1 well differentiated 7.5 % 25.6 % <0.001
2 moderately differentiated 42.5 % 43.0 %
3 poorly differentiated 50.0 % 314 %
Unknown (n) 28 816
ER status
Positive 70.6 % 75.7 % 0.234
Negative 29.4 % 24.3 %
Unknown (n) 25 460
Ploidy
Aneuploid 48.0 % 50.9 % 0.575
Diploid 52.0 % 49.1 %
Unknown (n) 34 901
S-phase fraction (%)
Median 6.5 4.4 <0.001
>7.0 45.5 % 35.0 %
<7.0 54.5 % 65.0 % 0.064
Unknown (n) 57 954

Table 5 shows tumour characteristics by mutation status
and ploidy. The proportion of patients with positive lymph
nodes was highest (63.5 %) among mutation carriers with
diploid tumours. Both among mutation carriers and
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Fig. 1 Breast cancer-specific survival probability in BRCA2 mutation
carriers versus noncarriers, entire dataset diagnosed 1955-2004

noncarriers, diploidy was associated with lower grades, and a
considerably higher proportion of ER-positive tumours and
tumours with a low S-phase fraction, than aneuploidy.
BRCA2 mutation carriers with ER-positive, diploid
tumours with a low S-phase fraction represent a clinical
high-risk subgroup, which comprises 34 % of the carriers.
The 10-year crude survival rate for BRCA2 mutation carrier
women with this phenotype was only 51 %, compared to
91 % for women with tumours with none of these features.
Among carriers, diploidy was associated with increased
mortality both in the ER-positive (HR 3.90, 95 % CI
1.27-11.98, p = 0.017) and ER-negative subgroups (HR
4.48, 95 % CI 0.89-22.51, p = 0.069), whereas a positive
ER status was neither associated with a significantly

increased risk in the subgroup of women with diploid
tumours (HR 0.81, 95 % CI 0.29-2.27, p = 0.69) nor
aneuploid tumours (HR 2.25, 95 % CI 0.30-16.87,
p = 0.43). This suggests that diploidy rather than ER-
positivity is the more relevant of the two factors in terms of
patient survival among BRCA2 mutation carriers.

Fifty percent of mutation carriers with diploid tumours
died within 10 years of diagnosis, versus 22 % of carriers
with aneuploid tumours (unadjusted HR 3.24, 95 % CI
1.57-6.69, p = 0.001) (Fig. 2a; Table 2). In contrast,
among noncarriers diploidy was a favourable prognostic
factor (unadjusted HR 0.77, 95 % CI 0.60-0.99,
p = 0.041) (Fig. 2b; Table 2). Among mutation carriers a
positive (versus negative) ER status was associated with
increased mortality (HR 2.05, 95 % CI 0.96-4.39,
p = 0.064), contrasting with what was observed for
noncarriers (HR 0.63, 95 % CI 0.51-0.78, p < 0.001)
(Fig. 2c, d).

Among women with diploid tumours, BRCA2 mutation
status was a strong predictor of mortality (unadjusted HR
3.03, 95 % CI 1.91-4.79, p < 0.001) (Table 2). Among
women with aneuploid tumours, there was no survival
disadvantage associated with carrying a BRCA2 mutation
(unadjusted HR 0.76, 95 % CI 0.41-1.41, p = 0.38).

Discussion
We found that breast cancer patients who carry a founder

BRCA2 mutation presented with more aggressive breast
cancers than noncarriers and had an inferior 10-year

Table 2 An overview of analyses of breast cancer-specific survival according to BRCA2 mutation status and ploidy, subset diagnosed

1981-2004
Patients (n) Deaths (n) HR* 95 % CI p value  Patients (n)  Deaths (n) HR® 95 % CI p value

Noncarriers 2,099 546 1.00 965 204 1.00
BRCA2 mutation 134 58 1.64 124216 <0.001 87 28 098  0.64-1.48 0.912
Aneuploid tumours

Noncarriers 610 158 1.00 389 86 1.00

BRCA2 mutation 48 11 0.76  0.41-1.41 0.382 36 5 041 0.16-1.04 0.060
Diploid tumours

Noncarriers 588 108 1.00 380 66 1.00

BRCA2 mutation 52 26 303 191479 <0.001 46 21 1.55 0.88-2.73 0.129
BRCA2 mutation

Aneuploid 48 11 1.00 36 5 1.00

Diploid 52 26 324 1.57-6.69 0.001 46 21 486 1.65-14.30 0.004
Noncarriers

Aneuploid 610 158 1.00 389 86 1.00

Diploid 588 108 0.77  0.60-0.99 0.041 380 66 1.07  0.76-1.50 0.692

? Adjusted for year of birth and year of diagnosis

®  Adjusted for year of birth, year of diagnosis, size, nodal status, grade and ER status
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Table 3 Hazard ratios for breast cancer-specific death according to tumour characteristics and BRCA2 mutation status, subset diagnosed

1981-2004, unadjusted analysis

Characteristic BRCA?2 mutation Noncarriers
Patients (n) Deaths (n) HR* 95 % CI p value Patients (n) Deaths (n) HR?* 95 % CI1 p value
Size
Tl <20 mm 59 18 1.00 1,164 166 1.00
T2 > 20-50 mm 49 21 1.81 0.95-3.44 0.069 689 266 329 2.714.00 <0.001
T3 > 50 mm 13 9 5.06 2.15-11.89 <0.001 113 65 6.95 5.21-9.27 <0.001
Nodal involvement
No 67 20 1.00 1,132 165 1.00
Yes 66 37 236 1.31-4.24 0.004 795 331 3.53 2.92-4.25 <0.001
Detailed information (r)
0 positive nodes 45 13 1.00 836 87 1.00
1-3 positive nodes 22 1.25 0.46-3.46 0.660 362 84 256 1.90-3.46  <0.001
4-9 positive nodes 9 295 0.90-9.70 0.074 150 72 6.44 4.70-8.82  <0.001
>10 positive nodes 13 3.39  1.14-10.09 0.028 82 55 11.38  8.09-16.00 <0.001
Grade
1 8 5 1.00 328 33 1.00
2 45 16 0.66 0.23-1.85 0.426 552 130 2.85 1.93-4.19 <0.001
3 53 18 045 0.16-1.29 0.138 403 137 433 295-634  <0.001
ER status
Positive 77 37 1.00 1,241 282 1.00
Negative 32 9 049 0.23-1.04 0.064 398 125 1.58 1.27-1.95 <0.001
Ploidy
Aneuploid 48 11 1.00 610 158 1.00
Diploid 52 26 324 1.57-6.69 0.001 588 108 0.77  0.60-0.99 0.041
S-phase fraction (%)
>7.0 35 1.00 401 144 1.00
<7.0 42 18 439 1.68-11.42 0.002 744 129 0.45 0.35-0.58 <0.001

ER estrogen receptor, HR hazard ratio

% Hazard ratios are adjusted only for year of birth and year of diagnosis

survival rate (53 vs. 72 %). The survival disadvantage for
BRCA2 mutation carriers was contingent on tumour ploidy
and was present only for women with diploid cancers—
approximately one-half of the patients. Tumour diploidy
was protective in the noncarrier subgroup.

Tumour diploidy, low S-phase fraction and a positive
ER status were highly correlated, both in BRCA2 mutation
carriers and noncarriers. In a multivariable analysis of
BRCA2 mutation carriers, the strong association between
diploidy and mortality was not attenuated by adjustment
for these and other prognostic variables. The same was true
for the association between low S-phase fraction and the
risk of death. In contrast, ER status was not predictive of
survival when the analysis was adjusted for tumour ploidy.
The majority of patients with diploid tumours in mutation
carriers were node-positive (63.5 %), but otherwise diploid
tumours had characteristics that are typically favourable,
i.e., relatively low grade, ER-positivity and low prolifera-
tive activity (a low S-phase fraction).
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In noncarriers, aneuploidy was associated with a sig-
nificantly worse prognosis than diploidy, in keeping with
what has been reported for the general population [20].
However, recent CGH-based studies have made it possible
to subdivide diploid tumours by the presence of other, often
complex genetic changes and these sub-chromosomal
abnormalities may also influence survival [21]. In a pre-
vious study from Iceland, diploid tumours arising in
BRCA2 mutation carriers were commonly found to carry
complex chromosomal rearrangements, according to CGH
analysis [15]. In these patients, small structural rearrange-
ments, rather than gross changes in chromosome number,
appear to be the dominant type of genomic instability
associated with aggressive behaviour. It is also possible
that specific genetic changes (e.g., driver mutations) have a
role. If there is a common mutation in a single gene that is
correlated with adverse prognosis, and if this gene is typ-
ically the driver of metastatic potential in diploid cancers
with low proliferation, but not in aneuploid cancers, the
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Table 4 Hazard ratios for

breast cancer-specific death Characteristic BRCA?2 mutation (82 patients, 26 deaths)  Noncarriers (770 patients, 153 deaths)
according to tumour HR?* 95 % CI p value HR? 95 % CI p value
characteristics and BRCA2
mutation status, subset Size
diagnosed 1981-2004, T1 < 20 mm 1.00 1.00
multivariate analysis T2 >20-50 mm  2.40 0.90-6.43 0.081 271 1.86-3.94 <0.001
T3 > 50 mm 3.83 1.08-13.56 0.037 4.96 2.82-8.72 <0.001
Nodal involvement
No 1.00 1.00
Yes 0.50 0.15-1.59 0.238 2.65 1.82-3.85 <0.001
Grade
1 1.00 1.00
2 1.50 0.16-14.18 0.723 2.16 1.21-3.84 0.009
3 1.26 0.14-11.42 0.838 3.39 1.81-6.32 <0.001
ER status
ER estrogen receptor, HR Positive 1.00 1.00
hazard ratio Negative 1.13 0.36-3.48 0.836 1.24 0.84-1.82 0.270
% Hazard ratios are adjusted for Ploidy
year of birth, year of diagnosis Aneuploid 1.00 1.00
?;flea“ other variables in the Diploid 4.86 1.65-14.30 0.004 1.07 0.76-1.50 0.692
:1:1(:)fn:ugggairrﬁs;lrsfsifslgd Characteristic BRCA2 mutation Noncarriers
diagnosed 1981-2004 Diploid Aneuploid Diploid Aneuploid
n=>52 n =48 n = 588 n =610
Mean size (range) in mm 29.4 (5-110) 26.8 (7-75) 21.4 (1-150) 23.8 (1-100)
Nodal involvement
No 36.5 % 58.3 % 62.3 % 52.6 %
Yes 63.5 % 41.7 % 37.7 % 474 %
Unknown (n) 0 0 37 47
Grade
1 59 % 8.5 % 37.6 % 15.1 %
2 56.9 % 319 % 44.4 % 45.6 %
3 37.2 % 59.6 % 18.0 % 393 %
Unknown (n) 1 1 133 101
ER status
Positive 70.8 % 60.5 % 78.8 % 70.2 %
Negative 29.2 % 39.5 % 21.2 % 29.8 %
Unknown (n) 4 10 59 93
S-phase fraction (%)
>7.0 10.8 % 76.9 % 10.8 % 58.8 %
<7.0 89.2 % 23.1 % 89.2 % 41.2 %
Unknown (n) 15 9 49 86

ER estrogen receptor

pattern might be explained. It is possible that through
whole genomic sequencing of tumour DNA from diploid
and aneuploid BRCA2-mutation-associated breast cancers,
such a driver mutation might be identified.
Approximately 50 % of tumours were aneuploid both
among mutation carriers, and noncarriers, in contrast to

expectations of an excess of aneuploidy in cancers of
BRCA2 mutation carriers [22]. The superior survival asso-
ciated with aneuploidy versus diploidy in the mutation-
positive patients supports the notion that if cancer cells of
mutation carriers acquire changes at the chromosomal level
(aneuploidy) on top of their complex nucleotide level
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Fig. 2 Breast cancer-specific survival probability, subset diagnosed
1981-2004. A Survival in patients with diploid versus aneuploid
tumours among BRCA2 mutation carriers and B among noncarriers.

changes, they may become less fit, resulting in better sur-
vival in association with aneuploidy. Genetic instability is
generally associated with poor prognosis in cancer patients,
but it has been hypothesized that, at a certain point, exces-
sive genetic instability may surpass a threshold compatible
with cell viability [23]. In support of this hypothesis are
recent findings which indicate that aneuploidy can inhibit
tumourigenesis in animals with a genetic tendency for
tumour formation [24], and that extreme chromosomal
instability in ER-negative tumours can be associated with
improved prognosis of breast cancer patients [25].

Our study has several strengths, including a large
number of patients and a long follow-up period. Carriers
and noncarriers were derived from the same source popu-
lation (Icelandic Cancer Registry) and the majority of
cancer cases in the country were included. Previous find-
ings of studies on survival in BRCA2 mutation carriers with
breast cancer have generally not been indicative of an
association between mutation status and prognosis,
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although results have been inconsistent [6, 7], but large
studies with long-term follow up have been lacking. Other
studies have not included markers of genomic instability.
In a recent, relatively large, long-term study, BRCA2
mutation-positivity was associated with adverse survival
[5]. In that study, as in our study, there was also an indi-
cation of a worse outcome associated with a positive ER
status among BRCA2 mutation carriers.

In the BRCA2-mutation-positive subgroup, we found
that size and nodal status were both predictive of survival,
but ER status and tumour grade were not (the associations
were opposite to what is expected and to what was seen in
the noncarriers). It is important that these observations are
confirmed, but if true, these results imply that prognosis in
BRCA2 mutation carriers should be estimated, based on
size and nodal status and that other canonical prognostic
factors (e.g., grade and ER status) are not informative and
should not be used to guide treatment decisions regarding
chemotherapy.
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In this study, we did not have information regarding
chemotherapy and hormonal therapies and these will be
topic of future studies. However, the practice in Iceland
since 1981 has been that over 90 % of breast cancer
patients with node positive tumours receive chemotherapy,
and as 63.5 % of the mutation carriers with diploid tumours
had positive lymph nodes, their poor survival can not be
explained by a low application rate of chemotherapy. We
did not have information on HER?2 status or other markers
of mitotic activity such as Ki-67. It is of interest to evaluate
the BRCA2 mutation-related cancers in terms of canonical
phenotype (luminal A, luminal B, etc.) and to see if these
categories are predictive of mortality in BRCA2 mutation
carriers.

We studied a single mutation (999del5) and the results
should be confirmed for patients with other mutations. The
unadjusted HR comparing BRCA2 mutation carriers to
noncarriers was similar in our study (1.64, 95 % CI
1.24-2.16) to the unadjusted HR observed in a recent study
by Goodwin et al. [5] with median follow-up time
7.9 years (HR 1.81, 95 % CI 1.15-2.86). This could indi-
cate that the effects of the Icelandic mutation are not much
different from effects of other BRCA2 mutations.

In the light of the unorthodox association between dip-
loid tumours and survival among mutation carriers, and the
fact that those ‘diploid’ tumours have complex genomic
changes, one might reason that ploidy assessment by flow
cytometry is not useful in this context. We argue that on the
contrary, the results clearly demonstrate that diploidy
defines a biologically important phenotype being strongly
associated with low mitotic activity and a positive ER
status, and even more importantly, in mutation carriers this
phenotype was higly predictive of a poor survival outcome,
and remained so after adjustment for other prognostic
factors.

In conclusion, our data suggest that ER-status, S-phase
and diploidy define two distinct subclasses of breast can-
cers among BRCA2 mutation carriers and that women with
ER-positive, diploid cancers of low proliferation are at a
high risk of recurrence and death. It will be important to
confirm these observations in other populations and to
study the impacts of various treatments in carriers, strati-
fied by ploidy status. Given the relatively small proportion
of BRCA2 mutation carriers among breast cancer patients,
it is hoped that these studies can be planned in the context
of multi-centre collaborations.
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