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Abstract Background While new defects in BRCAI are
still being found, it is unclear whether current breast cancer
diagnostics misses many BRCA[-associated cases. A reli-
able test that is able to indicate the involvement of BRCA
deficiency in cancer genesis could support decision making
in genetic counselling and clinical management. To find
BRCAI-specific markers and explore the effectiveness of
the current diagnostic strategy, we designed a classification
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method, validated it and examined whether we could find
BRCA-like breast tumours in a group of patients initially
diagnosed as non-BRCA1/2 mutation carriers. Methods A
classifier was built based on array-CGH profiles of 18
BRCAI-related and 32 control breast tumours, and vali-
dated on independent sets of 16 BRCAI-related and 16
control breast carcinomas. Subsequently, we applied the
classifier to 48 breast tumours of patients from Hereditary
Breast and Ovarian Cancer (HBOC) families in whom no
germ line BRCAI/BRCA2 mutations were identified.
Results The classifier showed an accuracy of 91% when
applied to the validation sets. In 48 non-BRCA 1/2 patients,
only two breast tumours presented a BRCAl-like CGH
profile. Additional evidence for BRCAI dysfunction was
found in one of these tumours. Conclusion We here
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describe the specific chromosomal aberrations in BRCAI-
related breast carcinomas. We developed a predictive
genetic test for BRCAI-association and show that BRCAI-
related tumours can still be identified in HBOC families
after routine DNA diagnostics.

Keywords BRCA1 - Hereditary breast cancer - Array
CGH - Classification - Comparative genomic hybridisation

Abbreviations

CGH Comparative genomic hybridisation
FE Fisher’s exact

FFPE  Formalin-fixed, paraffin-embedded
HBOC Hereditary breast and ovarian cancer
LOH Loss of heterozygosity

Background

Breast cancer is the most common cancer in developed
countries and one of the leading causes of death in women.
One out of nine women will be affected by breast cancer
[1, 2]. Up to 25% of familial breast cancer cases are
explained by mutations in BRCAI and BRCA2 [3, 4].
Women carrying a mutation in BRCAI/2 have a lifetime
risk of up to 80% of developing breast cancer [5-8].
Identification of such a mutation may not only influence the
treatment of a patient or carrier (e.g. chemotherapy, radi-
ation, bilateral prophylactic mastectomy, or salphingo-
oophorectomy [9, 10]) and surveillance, but also allows
pre-symptomatic mutation screening of family members.

Based on family history and age of onset, breast cancer
patients are eligible for DNA screening for pathogenic
mutations in BRCAI/2. Diagnostics currently include
mutation scanning and sequencing of gene fragments
derived from germ line DNA, however, it is possible that
part of the mutations still remains undetected [4, 6, 11, 12].
Additionally, the detection of variants of unknown clinical
significance complicates counselling and clinical manage-
ment. Therefore, an additional tool that would indicate
BRCAI or BRCA2 involvement in breast cancer would be
an asset to current clinical diagnostics.

Numerous studies show specific genetic characteristics
with which tumours can be categorised into subclasses [13].
For hereditary BRCAI-mutated cancer, previous publica-
tions from our research group and others show that these
tumours develop distinct genetic alterations on which they
can be recognised and distinguished from non-hereditary
(sporadic) tumours [14-17]. Various methods using
expression profiling [14, 15] or comparative genomic
hybridisation (CGH) [16—18] show specific genetic altera-
tions for these tumour groups. Although analysis of tumour
mRNA has led to the identification of many different
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molecular portraits, freshly frozen tissue is often not avail-
able, especially when family screening includes deceased
relatives. On the other hand, formalin-fixation and embed-
ding in paraffin is the common procedure used to handle and
archive tumour tissue for pathology based diagnosis. We
have previously shown that paraffin embedded tumours can
be of adequate quality to perform CGH studies [19, 20]. The
enhanced resolution of a microarray, compared with meta-
phase CGH [16], may improve the sensitivity and specificity
of the detection of BRCA I- or BRCA2-related tumours using
CGH technology. Additionally, it will also provide a better
estimate of the location of the chromosomal breakpoints of
the genetic aberrations.

To limit the already large number of individuals eligible
for DNA-screening, a pre-selection procedure to detect
individuals with the highest risk of carrying a mutation is
desirable. Prediction models based on family history to
calculate the risk for carrying a mutation can be inadequate
predictors, e.g. in small families [21]. An independent test
based on tumour characteristics that would indicate
involvement of BRCA could help to select for those patients
who may be offered more extensive mutation analysis.
Studies based on clinical assessment and pathological
reviewing show the limited sensitivity and specificity of
predicting BRCAI1-status with the currently available
markers [12, 22]. Genomic profiling of tumours using
comparative genomic hybridisation could also function as a
predictive strategy to select patients with a high priori risk of
a BRCAI mutation. However, this approach has not been
applied earlier in a diagnostic setting. In general, more
BRCAI mutations are being found in HBOC (Hereditary
Breast and Ovarian Cancer) than in HBC (Hereditary Breast
Cancer) families, and the former group would therefore be
more suited for our study to identify possible missed BRCA -
associated tumours for evaluation of current diagnostics.

Patients and methods
Patient selection

This study was performed on primary tumour samples of
three breast cancer groups: (1) 34 breast tumours from
patients with a confirmed pathogenic BRCAI germ-line
mutation, mean age at diagnosis of 38 years (range: 27—
61); (2) 48 sporadic breast tumours, mean age at diagnosis
of 45 years (range: 32-60), no family history of breast
cancer and selected from the institute’s pathology archive
matched for p53-status with the BRCAI-associated tumour
group (Table 1); (3) 48 tumours from HBOC families
(defined as at least two breast and one primary ovarian
cancer), that were subjected to routine diagnostic testing
[4] and had a negative test result for mutations in both
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Table 1 Pathological characteristics of the analysed BRCAI muta-
tion carriers, sporadic, and HBOC breast carcinomas

BRCAl Sporadic HBOC

No. analysed 34 48 48

5.9% (2/34) 54.3% (25/46) 68.9% (31/45)
5.9% (2/34) 46.8% (22/47)  50.0% (23/46)
2.9% (1/34) 40.0% (17/46) 9.8% (4/41)
44.1% (15/34) 43.5% (20/46) 9.8% (4/41)

ER-positive
PR-positive
Her2/neu-positive
pS53-positive

BRCAI and BRCA2, with a mean age at diagnosis of
48 years (range: 20-61). Patient’s characteristics for all
three groups are described in Supplementary data 1. All
sample material was formalin-fixed, paraffin-embedded
(FFPE) tissue and extracted DNA had to be of sufficient
quality, which was tested as previously described [19]. All
experiments involving human tissues were conducted with
the permission of the institute’s medical ethical advisory
board.

Immunohistochemistry

Presence of ER, PR, ERBB2 (HER2/neu), p53 and CK5/6
was determined by immunohistochemistry staining using
the antibodies: estrogen receptor AB-14 clone 1D5 +
6F11, titre 1:50 (Neomarkers); progesterone receptor clone
PR-1 titre 1:400 (Immunologic), c-erbB-2 clone SP3, titre
1:25 (Neomarkers); p53 clone DO-7, titre 1:8000 (Dako);
and cytokeratin 5/6 clone D5/16 B4, titre 1:100 (Dako)
respectively. If >70% of the tumour cells expressed ER,
PR, p53 or CK5/6, the tumour was scored as positive (+)
for the corresponding staining, in case <10% of the cells
were stained, the tumour was scored as negative (—) and
between 10 and 70% the tumour was scored as + for the
corresponding staining. HER2/neu staining was scored
positive when a 3+ staining was observed, otherwise it was
scored negative (only one sporadic case was IHC 24, and
was called negative).

DNA isolation

Tumour DNA was isolated from FFPE tumour tissues as
follows. 10 x 10 pm slices containing at least 70% tumour
cells were cleared of paraffin (2 x 5 min xylene, 2 x 30 s
100% ethanol, 30 s 90% ethanol, 30 s 70% ethanol, and
rinsed with H,O), treated with 1 M NaSCN at 37°C
overnight, and sections of interest (>70% tumour cells)
were scraped in 200 pl buffer ATL (Qiagen, cat. no.
51304). 27 pl of proteinase K (15 pg/pl, Roche, cat. no.
3115879001) was immediately added, as well as at the end
of the day, and at the beginning and end of the next day;
samples were constantly shaken at 37°C during the time of

digestion. The following day, 40 pl RNase A (20 pg/pl,
Sigma, cat. no. R5500) was added to the sample, vortexed,
and incubated for 2 min at room temperature. 400 pl of
buffer AL (Qiagen, cat.no.51304) was added and incubated
for 10 min at 70°C. 420 pl of 100% ethanol was added and
vortexed. The sample mixture was spun on a spincolumn
(Qiagen, cat. no. 51304) for 1 min at 8,000 rpm. The col-
umn was sequentially washed with 500 pl of the following
reagents and spun for 1 min at 8,000 rpm: AW1, AW2, and
twice with 80% ethanol. The column was spun dry for
3 min at 14,000 rpm. The sample was eluted with 50 pl of
AE buffer by spinning for 1 min at 8,000 rpm. Reference
DNA was isolated from lymphocytes from six apparently
healthy women and pooled. Lymphocytes were purified by
adding lysis buffer (155 mM NH,CI, 10 mM KHCOs3;,
1 mM EDTA) 4x the blood volume, followed by centri-
fugation at 3,000 rpm for 10 min at 4°C. The supernatant
was removed and the cell pellet re-suspended in lysis
buffer 5x the original blood volume. These steps were
repeated until all erythrocytes were removed and the
supernatant formed a clear solution. 1/10 of the initial
blood volume DNAzol (Invitrogen, cat. no. 10503-027)
was added to the cell pellet and mixed by pipetting until a
clear solution remained. 1/2 of the DNAzol volume 100%
ethanol was added, DNA was removed from the solution,
washed in 70% ethanol and dissolved in Tris-EDTA buffer.
DNA was sonicated until the average length was 300-
800 bp.

Array-CGH

As described previously [20], hybridisations were done on
microarrays containing 3.5 k BAC/PAC-derived DNA
segments covering the whole genome with an average
spacing of 1 Mb, obtained from the Welcome Trust Sanger
Institute (UK). The whole library was spotted in triplicate
on every slide. To prevent slide batch spotting bias, sam-
ples were hybridised in randomised order. Data processing
of the scanned microarray slide included signal intensity
measurement with the ImaGene software program, fol-
lowed by median pin-tip (c.q. subarray) normalization.
Intensity ratios (Cy5/Cy3) were log,-transformed and
triplicate spot measurements were averaged.

Aberration detection and quantification

To analyse and visualize the chromosomal aberrations, we
determined breakpoint locations and estimated copy num-
ber levels using the CGH-segmentation algorithm [23].
Based on the estimated copy number levels, the frequency
of gains and losses for all BAC clones was calculated using
the fixed log,-ratio thresholds of 0.15 and —0.15, respec-
tively. The association of the frequency of a clone being
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‘gained’, ‘lost’ or ‘unchanged’ and the two tumour groups
was calculated by employing a 3 x 2 Fisher’s exact (FE)
test. A small P-value corresponds to a significant associa-
tion between the observed copy number changes and the
two groups. This procedure was employed to compare the
whole cohort of BRCAI-related tumours to: (1) the whole
set of sporadic tumours and (2) to particular subgroups in
order to obtain an indication of the aberrations associated
with these subgroups. First, subgroups were defined based
on [HC-status of ER, PR, HER2/neu or p53 of the tumours
(CK5/6 was not used to define a subgroup due to the small
number of CK5/6 positive tumours). IHC status can either
be positive or negative (IHC-medium (&) samples were
assigned to the corresponding IHC-positive group). Hence,
four THC-negative and four IHC-positive subgroups of
sporadic tumours were generated. Then the FE test was
employed to identify two sets of significant different
aberrations. The first set, denoted as ‘BRCA1/IHC-nega-
tive’ includes aberrations that are significantly associated
with the class label (BRCAI-related or sporadic) when
comparing BRCAI-relateted and IHC-negative sporadic
tumours. The second set, denoted as ‘BRCA1/IHC-posi-
tive’, includes aberrations that are significantly associated
with the class label when comparing BRCAI-related and
IHC-positive sporadic tumours. Since a IHC status (e.g.
ER) can strongly be associated with the class label in a
dataset contacting the BRCAI-related and THC-positive
sporadic subsets, the aberrations in the ‘BRCAI/THC-
positive’ can be either BRCA1 associated or IHC associ-
ated. Since BRCA1-related tumours are mostly ER, PR and
HER2/neu negative, the aberrations in these ‘BRCA1/IHC-
negative’ sets are mainly BRCA1 associated. Therefore, an
aberration included in either of these subgroups is specific
for the associated IHC-status. An aberration included in
both sets is likely to be specific for BRCAI-associated
tumours only.

Class prediction: training

To build a class predictor based on log,-ratios derived from
array-CGH experiments, the shrunken centroids (SC)
algorithm was employed [24] using equal priors, m;, = I/K,
where K is the number of classes. We predicted, employing
the approach of Dobbin and Simon [25], that in order to
detect a standardized fold change of 2.32 (1 copy number
change) amongst 3277 BAC clones at an error tolerance of
0.05 for the classifier, the minimal sample size for the
training set had to be 26, equally divided over the two
classes. The class predictor was built on 18 BRCAI-related
and 32 sporadic breast tumours (referred to as the training
sets). Since it is known that p53- and ER-status are asso-
ciated with specific genomic aberrations in breast cancer
[26, 27] that could influence the classification process, we
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stratified for p53-status in both the training sets, and for
ER-status in the sporadic training set only.

Class prediction: testing

The class predictor was validated on independent sets of 16
BRCAI-mutated and 16 sporadic tumours (referred to as
the validation sets). Classification of a sample using the SC
algorithm results in the probability scores between 0 and 1
for each class. The sum of the two probability scores for
any sample is always 1; hence, in a two-class problem, the
most likely class is the class for which the probability is
exceeds 0.5. For legibility we only describe the highest
probability. 95% reference intervals were calculated based
on the class-probability distribution in the training sets and
employed in the validation of the classifier and the classi-
fication of the HBOC group. Samples predicted outside the
95% reference intervals were not assigned to a class but
scored as “not classified”.

Methylation detection

Hypermethylation of the BRCAI promoter for all samples
(n = 130) was determined using Methylation MLPA
according to the manufacture’s protocol (MRC-Holland,
MEOQ01). DNA fragments were analysed on a 3730 DNA
Analyzer (AB, USA).

Loss of heterozygosity (LOH)

LOH at the BRCAI locus was determined for the HBOC
cases (n = 48) using 5 STR markers: D17S579, D17S588,
D17S1322, D17S1323 and THRAI1. Primers and the
detailed PCR program are described in Supplementary data
2. DNA fragments were analysed on a 3730 DNA Analyzer
(AB, USA).

Results

In total, we obtained the array-CGH profiles of 34 BRCAI-
related, 48 sporadic and 48 HBOC breast tumours. In this
report we outline the chromosomal aberrations and their
locations, the differences between the tumour groups, and
the discriminating power of a class predictor based on our
CGH results.

Chromosomal aberrations

We observed significant differences in the spectrum of
aberrations with respect to the BRCAI-associated and
sporadic breast tumours. The upper panels of Fig. 1 depict
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BRCA1-associated (n=34)
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Fig. 1 Frequency plots. The top two panels display the frequency of
gain (green) and loss (red) in 34 BRCAI-associated and 48 sporadic
breast carcinomas based on the estimated copy numbers as described

the frequency of gain (green) and loss (red) of the BAC
clones for the BRCAI-associated and the sporadic breast
tumours, respectively. The significances of the group dif-
ferences are calculated by Fisher’s exact test for each clone
and are displayed in the bottom panel of Fig. 1.

We also found that BRCAI-related tumours have more
copy number alterations (CNAs) compared with the spo-
radic breast tumours. Table 2 summarizes the most
prominent aberrations of both tumour groups. These
regions comprise several adjacent clones (at least 10 Mb in
size), are aberrant in at least 30% of the tumour cases in
one group, or show a significant difference between the
tumour groups (average P-value for that region of <0.01,
Fisher’s exact test). Gain of chromosome 1q and 8q are
found in almost half of both the tumour groups which have
been reported previously to be common for breast cancer
[28-31]. In total, the BRCAI-associated tumours showed
12 regional (>10 Mb) gains and 11 regional losses that

in the Methods. The bottom panel shows the significance between the
two tumour groups computed by Fisher’s exact test for each clone (no
multiple testing correction). P-values <0.01 are indicated dark blue

were observed in >30% of the tumours. Using the same
criteria, we observed gain in 2 chromosomal regions and 5
regional losses in the sporadic breast tumours.

BRCAI1 and sporadic breast tumour class predictor

We used Shrunken Centroids (SC) [24] to discriminate
between germ-line-mutated BRCA! and sporadic tumours.
We randomly selected 18 BRCAI-associated and 32 spo-
radic tumours for the SC analysis; these tumours are
referred to as the training set. Employing leave-one-out
cross-validation (LOOCV) on the training set, A = 1.3 was
the parameter setting resulting in the smallest number of
misclassifications. The training set yielded 191 discrimi-
natory features (Supplementary data 3) which were used in
this study for further classification. From these 191 features
most were abundant in regions of chromosome 3q22-27
(gain), 5ql12-14 (loss), 6p23-22 (gain), 12pl13 (gain),
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Table 2 Chromosomal aberrations

Chromosome  Aberration =~ BRCAI Sporadic P-value
percentage  percentage
1q Gain 53 47 0.5186
3q22-25 Gain 46 4 0.0006
3q26-29 Gain 43 13 0.0327
4p16-15 Loss 34 19 0.2466
5pl13-5p12 Loss 19 0.0031
5ql11-23 Loss 37 6 0.0017
5q31-35 Loss 24 0.0111
6p Gain 37 7 0.0010
6q21-q23 Gain 32 17 0.1493
Tp22-15 Loss 17 0 0.0080
7q22-36 Gain 37 13 0.0283
8p23 Loss 31 28 0.5767
8q Gain 55 40 0.3306
9p21-13 Loss 35 28 0.7177
10p15-14 Gain 57 27 0.0129
10p14-12 Gain 32 11 0.0248
11p14-13 Gain 30 13 0.1000
11q22-25 Loss 13 35 0.1523
12p13-12 Gain 38 12 0.0165
12q12-14 Loss 20 0 0.0100
13q Loss 36 32 0.2302
14q22-23 Loss 45 16 0.0568
14932 Loss 49 26 0.0942
15q11-21 Loss 35 13 0.0791
16q Loss 10 36 0.0312
17p Loss 24 32 0.5579
17q22-23 Gain 34 26 0.5522
20q11-12 Loss 26 0.0007
22q Loss 34 33 0.4091
Xp22 Loss 31 15 0.1638
Xq Loss 40 24 0.1715

Locations and average frequencies of the most prominent aberrations
in 34 BRCAI-associated and 48 sporadic breast tumours together with
the average P-values (FE test) for the significance in aberration dif-
ference between tumour groups

12921-23 (loss), and 13q31-34 (gain). Based on the clas-
sification scores of the training samples, 95% reference
intervals were calculated for both groups. The minimum
reference interval for the BRCALI class was a BRCAIl-like
probability of 0.8; the minimum reference interval for the
sporadic class was a sporadic-like probability of 0.7 (i.e. a
BRCA1-like probability of 0.3).

The remaining samples were used as external validation
for the class predictor. In the validation set, 14/16 samples
of the BRCAI-related group were predicted as BRCA1-like
and were inside the 95% reference interval, while the
remaining two cases were outside the interval but predicted
as BRCA1-like, with a lower (<0.8) probability. One of the
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16 sporadic breast cancer cases was classified as sporadic-
like with a probability of 0.62 whereas all others (n = 15)
classified within the 95% reference intervals. These results
can be formulated as a total sensitivity of 88% and a
specificity of 94% (PPP: 93%, NPP: 88%). Figure 2a
depicts the distribution of the classification scores obtained
on the training and validation sets; the classification scores
for each individual sample are documented in Supple-
mentary data 1.

ER, PR, HER2/neu and p53 specific aberrations

In our tumour groups, 91% of the BRCA I-mutated tumours
are ER, PR and HER2/neu-negative (also known as ‘triple
negative’), while only 19% of the sporadic cases are triple-
negative (Supplementary data 1). To investigate the rela-
tionship between ER, PR, HER2/neu or p53-status with
chromosomal aberrations and thus the possible influence on
our class predictor, the BRCAI-associated tumour group
was compared to subsets of the sporadic tumours selected
by their IHC phenotypes as described in the Methods
section “Aberration detection and quantification”. Chro-
mosomal regions 3q22-3q26, Spl14, 6p22.3 and 14q22 were
significantly more often aberrant in BRCAI-associated
tumours, independent of the sporadic breast tumours’ THC
phenotype (Fig. 3 upper four panels, indicated in blue).
BAC clones within these BRCAI1-specific regions were
also represented in the classifier (Supplementary data 3,
Fig. 3 bottom panel). However, the largest part of the loss
in chromosome 5q, that was selected by the SC algorithm,
appeared to be ER and/or HER2/neu status specific rather
than BRCA1-specific as calculated by Fisher’s exact test
(Fig. 3, indicated in orange).

To evaluate the performance of the classifier features in
discriminating BRCAI-related and sporadic tumours and
the influence of the IHC profile, we performed hierarchical
cluster analysis (complete linkage, Pearson correlation) to
the array CGH results of the 34 BRCAI-associated and 48
sporadic breast tumours based on the 191 classifier fea-
tures. The samples were separated into two large clusters,
one containing most of the sporadic breast cancer cases
(Fig. 4, left branch), and one containing all the BRCAI-
associated tumour samples (Fig. 4, right branch).
Although, some of the sporadic cases resided together with
the BRCA I-associated cases, this could not be explained by
association with the ER- or HER2/neu-status (P = 0.24
and P = 0.25, respectively; FE test). Since the basal-like
phenotype is very common for BRCAI-associated breast
cancer, we investigated whether the sporadic tumours
clustering together with the BRCAI-related tumours were
also basal-like by performing IHC for CKS5/6 (Supple-
mentary data 1). Only, two of the five sporadic breast
tumours expressing CK5/6 clustered within the BRCAT1-
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Fig. 2 Classification results. Probability scores for the Training and
Validation sets of the BRCAI-associated (red) and sporadic (yellow)
tumour samples (a). Samples predicted as BRCAl-like are plotted
right of the 0.5 probability border and samples predicted as sporadic
are plotted left. Dotted lines indicate the 95% reference intervals for

branch which showed not to be a significant correlation
(P = 0.23; FE test).

Since ER status is highly correlated with the class label
(BRAC-related or sporadic) we compared the performance
of our classifier with a classifier that predicts a tumour to be
BRCA1-like when the tumour is ER negative. In the val-
idation set, 15/16 samples of the BRCAI-related tumour
group are predicted as BRCA1-like while seven of the 16
sporadic breast cancer cases were classified as sporadic-
like. When employing the conventional approach in the SC
classifier of assigning all samples as BRCA1-like when the
probability of the BRCAIl-like class exceeds 0.5 (i.e. not
using rejection regions) the SC classifier has a total error
rate of 0/32. The ER classifier, when also employing a
single ER level cut-off, achieves an error rate of 8/32.
Assuming these proportions are samples from a binomial
distribution, the 95% confidence intervals for these pro-
portions are [0; 0.1089] for the SC classifier and [0.1146;
0.4340] for the ER classifier, respectively. Employing the
McNemar test for matched pairs, we can conclude that the
SC classifier has a significantly better performance on the
validation set than the ER classifier (P = 0.007).

Taken together, these results suggest that specific
chromosomal aberrations are associated with the tumours’
IHC-status (Fig. 3), nevertheless, BRCAI-related and spo-
radic breast tumours can be distinguished using the 191
features selected by the SC algorithm (Figs. 2, 4).

Application of the classifier on non-BRCA1/2 families

Forty-eight patients from non-BRCA1/2 HBOC families
were selected and analysed using aCGH. We found 2 sam-
ples (HBOC34 and HBOC41) to be BRCA1-like (P > 0.8),
40 samples were predicted as sporadic-like, and 6 samples

both classes based on the results of their training sets. Panel b shows
the classification of the HBOC group (blue) where 2 tumours were
classified as BRCA1-like. Samples outside the classes’ 95% reference
intervals were not assigned to a class (greyed). Samples labelled ‘M’
show methylation of the BRCAI promoter

could not be assigned to a class with sufficient certainty as
they were classified outside the 95% reference intervals.
Figure 2b shows the distribution of the clinical samples in
comparison with the BRCAI-related and sporadic tumours
used to build and validate our class predictor.

To find evidence for BRCAI involvement in the two
BRCAL-like breast cancer cases, we first performed LOH
analysis of the BRCAI locus. Loss of the wild type BRCAI
tumour suppressor gene is considered to be required for
BRCAI-related tumour development. We observed clear
LOH of BRCAI in samples HBOC34, HBOC41 and
HBOCO08, as well as allelic imbalance (where one allele is
diminished but still present) in HBOCO03, HBOCO04,
HBOCO07, HBOC18, HBOC29, HBOC042 and HBOCA45.
Allelic imbalance can be caused by trisomy of the locos,
tumour heterogeneity and limited tumour cell percentage.
We next performed additional tests that were not included
in the original routine diagnostic setting. As BRCAI exon
11 was analysed for truncating mutations using the Protein
Truncation Test (PTT) [26], we now sequenced exon 11 in
DNA isolated from peripheral blood lymphocytes from
cases HBOC34 and HBOC41 but found no mutations. The
next test was to investigate somatic inactivation of BRCA1
by methylation of the BRCAI promoter. This was deter-
mined for all BRCAI-associated, sporadic and HBOC
samples using MLPA-methylation = (MRC-Holland,
MEQ01). Case HBOC34, which was classified as BRCA1-
like, and sporadic tumour C048, which was present in the
validation set of the classifier, were the only samples that
showed methylation at the BRCAI promoter (labelled “M”
in Fig. 2). Case HBOC34 also presented with an ovarian
carcinoma that, like the breast tumour, showed methylation
at the BRCAI promoter, interestingly, germ-line DNA of
this patient did not show methylation at this site.
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Fig. 3 Influence of IHC-status. The four upper panels depict the
significance in differences between the BRCA-related cohort and the
sporadic IHC tumour subgroups calculated by Fisher’s exact test.
Blue areas are BRCA1-specific aberrations while orange aberrations

Discussion

In this study we show that BRCAI-associated breast
tumours possess rearranged genomes with specific genomic
aberrations that differ significantly from sporadic breast
tumours. Based on array-CGH data, we identified the most
significant differences between these two tumour groups
and built a class predictor with 88% sensitivity and 94%
specificity using the Nearest Shrunken Centroids method
[24]. Compared with the BRCAI-associated tumours,
aberrations are less frequent in the sporadic breast tumours.
Many of the identified regions specific for the BRCAI-
related tumours have been reported before [16—18, 32-34].
In this study we applied the BRCAI1 classifier tool on
diagnostic cases in order to investigate the performance of
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the familial breast cancer routine mutation screening. By
doing so, we identified 2 out of 48 tumours as BRCA1-like.
Since all tumours were formalin-fixed and paraffin-
embedded, investigation of mRNA could be problematic
[35], and further analyses were performed on genomic
DNA from the tumour. Since potentially any (somatic)
inactivation of BRCAI could result in a BRCA1-like phe-
notype [36, 37], we investigated methylation of the BRCA1
promoter. One of the BRCAIl-like HBOC cases indeed
showed methylation and LOH of the BRCAI gene, strongly
indicating BRCAI dysfunction in the tumour. Cancer for-
mation due to BRCAI mutation is generally accompanied
by the loss of the wild-type allele, i.e. LOH, which was also
found in the second BRCA1-like HBOC tumour. However,
no novel or described mutations in the BRCAI gene were
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Fig. 4 Hierarchical clustering. Complete hierarchical clustering of 34
BRCAI-related and 48 sporadic breast carcinomas based on the log,-
ratios of the 191 BAC clones (shrunken centroids) from the classifier.

identified in this patient after sequencing. This particular
patient’s family history was atypical from that of an
average BRCAI-involved family (breast and ovarian can-
cer), with incidence of brain cancer, colon cancer, and
leukaemia. Additionally, the tumour was ER and PR-
positive which is rare for BRCAI-related tumours [38].
This unresolved BRCAI1-like case may be analysed more
intensely when new techniques and knowledge become
available. Another way to predict the involvement of a
BRCAI-mutation is to use prediction models based on
family characteristics. We have calculated Evans’ scores
[39] for all possible cases to determine the probability to
find a BRCAI mutation. Both BRCA1-like tumours showed
a small probability (20 and 11.8%) which could explain
why no germ-line BRCAI mutations were found in these
families but a somatic inactivation of BRCAI in case
HBOC34, consistent with a low Evans’ score.

In an earlier study we were able to classify BRCAI-
associated and control tumours using chromosomal CGH
with an accuracy of 84% [16]. A control group with a rela-
tively large proportion of bilateral tumours was used to
mimic the situation in high-risk breast cancer families. The
disadvantage of this approach was that it resulted in many
‘false’ positives in the control group (specificity of 76%);
however, many of those were proven to be actual BRCAI-
associated tumours later on (unpublished results). We now
used automated array-CGH, which is a high throughput
technique and therefore suitable to be performed in spe-
cialized diagnostic laboratories. Additionally, the use of a
micro array in this study localises the significant genomic
areas with increased chromosomal resolution and may help
to develop a test (e.g. PCR based) that can be applied in any
routine diagnostic laboratory. In contrast to our previous
study that contained a relatively large number of control
cases later proven to be true BRCAI-mutated tumours, we
now use a random control group of sporadic tumours

Lo sad 1 - B P

Shown are the IHC-status of ER, PR, HER2/neu and p53 of all
samples. The dendrogram can be divided in two main branches:
BRCA I-related (right) and sporadic tumour samples (left)

excluding family history for breast cancer and bilateral
breast cancer. Although the differences between chromo-
somal and array-CGH and patient selections between our
previous and current studies are substantial, both loss in 5q
and gain in 3q were identified as important discriminatory
aberrations, as confirmed by others [17, 32, 33].

While exploring chromosomal aberrations it has to be
kept in mind that steroid hormone receptor status is
strongly correlated with the genomic profile [26, 27]. It has
been reported that BRCAI-associated tumours are in gen-
eral (>90%) ER, PR, and HER2/neu-negative [38]. Since
we chose to randomly select breast carcinomas for our
control group, these tumours do not all share the triple-
negative phenotype of the BRCAI-related tumours. Train-
ing on triple-negative breast tumours only could restrict our
class predictor to triple-negative carcinomas while our goal
was to build a general classification method to classify all
non-BRCA1/2 HBOC patients. Also, selection for triple-
negative tumours only would increase the likelihood for
false positives since a triple negative population is per
definition enriched for unidentified BRCAI-associated
cases. Instead, we investigated the extent to which specific
aberrations could be associated with ER, PR, HER2/neu
and p53-status to obtain an indication of their possible
influence on our class predictor. Loss of chromosomal
region 5q12-14, which is present in our classifier as dis-
criminatory region (Fig. 3), was found to be specific for
ER-negative tumours. Although this would suggest selec-
tion for the ER-phenotype, no false positives or false
negatives were present in the validation sets. The result that
all ER-negative (and triple-negative) sporadic tumours
were correctly classified as sporadic-like further supports
that classification is not based on ER-status alone, but is
based on the combination of the BRCA1-specific regions.

Increasing evidence shows that the majority of BRCAI-
related carcinomas are basal-like tumours with respect to
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morphology and mRNA expression level [40]. This is also
true for the BRCA I-specific aberrations as reported here and
elsewhere [16-18, 32, 33] that show many analogies to the
breast cancer basal-like subtype [28, this article]. Similari-
ties between these hereditary and sporadic breast cancer
groups could be explained by the effect of the same deficient
DNA repair pathway (i.e. BRCA1). So far, our Fisher’s exact
test (Fig. 3), hierarchical clustering (Fig. 4), and classifica-
tion results (Fig. 2) all indicate differences between the
BRCA I-related and the triple-negative (basal-like) sporadic
tumours that lie within the 191 discriminatory features.

In the future, it may be possible to include our profiling
test in clinical genetic screening programs to select the
individual in a high-risk family with the highest prior
probability for finding the BRCAI germ-line mutation, as
an alternative or addition to screening of the youngest
affected case as is currently done. Furthermore, it could
help in decision making and treatment management, also
when no BRCA1-like profile is found which would be an
(extra) indication to rule out BRCAI involvement. More-
over, aCGH classification of a tumour with a nucleotide
variant of uncertain significance may give extra indications
for the significance of the variant [41].

Conclusion

Based on aCGH data, we were able to identify BRCAL1-
specific aberrations that were different from those seen in
sporadic breast tumours and employed this to build a class-
predictor. Although steroid hormone receptor status is
strongly associated with genomic instability, this class-pre-
dictor distinguished BRCAI-associated tumours from
sporadic breast carcinomas with increased accuracy than
current screening protocols. We conclude that current
BRCA I mutation screening seems to identify most hereditary
BRCA [-associated breast tumours. However, while we could
still find BRCA [-related breast tumours in a non-BRCA1/2
tumour group, our array-CGH approach may also be used as
an additional tool to identify BRCAI-associated patients or
families where the relation to BRCA1 is still unclear.
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