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may precede the loss of wild-type BRCA1 in these tumors. Our 
fi nding of increased cellular proliferation and abnormal mitoses 
coupled with centrosome amplifi cation in normal breast epithe-
lium of BRCA1 mutation carriers further support a haploinsuf-
fi cient phenotype that may increase breast cancer risk.

The fi rst hint suggesting that BRCA1 may regulate genomic 
instability by infl uencing centrosome function was its cen-
trosomal localization in mitosis (29), which is maintained 
throughout the cell cycle, albeit at lower concentrations (30). 
Mammary tumors in mice with conditional deletion of Brca1 
exhibit gross genomic instability and centrosome amplifi ca-
tion with recurrent genomic imbalances resembling those 
in human BRCA1-associated breast cancer (31). Studies in 
human breast cancer cell lines also showed that centrosome 
numbers are regulated by a BRCA1-dependent ubiquitination 
(32) and that expression of an enzymatically inactive BRCA1 
mutant leads to supernumerary and hyperactive centrosomes 
(30). However, as all these prior studies used cells completely 
devoid of wild-type BRCA1, our results are the fi rst demon-
stration of centrosome abnormalities in the normal breast 
epithelium of BRCA1 mutation carriers implying haploinsuf-
fi cient phenotype for this function. The high frequency of 
PTEN loss by gross genomic rearrangements (13) and trun-

cating mutations in TP53 in BRCA1-associated breast tumors 
(16) could potentially be due to genomic instability induced 
by abnormal centromeres.

Our analysis of the probable order of loss of wild-type BRCA1, 
PTEN, and TP53 also allows predictions about possible interac-
tions among these tumor suppressor pathways. For example, 
in BRCA1 tumors with both PTEN loss and p53 mutation, 
the former was always predicted to precede the latter. Indeed, 
prior studies have described complex cooperative interactions 
between PTEN and TP53 (33) that could lead to selection against 
loss of wild-type PTEN in cells with mutant TP53. The near-com-
plete lack of PIK3CA mutations in BRCA1-associated tumors 
also implies that some genetic changes that commonly occur 
in sporadic breast tumors may not confer advantage during 
BRCA1-driven tumorigenesis, possibly due to differences in cell-
of-origin or presence of other genetic or epigenetic alterations.

Our results have several potentially important clinical impli-
cations. First, PARP inhibitors are promising new agents for 
the treatment and prevention of tumors in BRCA1 and BRCA2 
mutation carriers due to their synthetic lethal interaction in cells 
lacking wild-type BRCA-associated DNA repair function (34, 35). 
However, our data showing that loss of wild-type BRCA1 may 
not be the fi rst event in most BRCA1-associated breast tumors 

Figure 3. Abnormalities in the normal breast epithelium of BRCA1 mutation carriers. A, representative examples of Ki67 and PR immuno” uores-
cence in normal breast tissue from BRCA1 mutation carriers and noncarrier controls. B, frequency of Ki67- and PR-positive cells in the same tissues. 
C, representative examples of multipolar mitoses in normal breast tissue from 2 distinct BRCA1 mutation carriers. D, representative examples of 
polyglutamylated tubulin immuno”  uorescence in normal breast tissue from BRCA1 mutation carriers and noncarrier controls. E, number of centrosomes 
per cell in the same tissues.
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and that this loss may not occur in all tumor cells raises concerns 
about the effi cacy of such approaches. In contrast, PARP inhibi-
tors were also shown to have synthetic lethal interaction with loss 
of PTEN in cell culture (36, 37). If this interaction also occurs in 
breast tumors in vivo, then PARP inhibitors may still be effective 
in the majority of BRCA1-linked breast tumors characterized by 
PTEN loss and triple-negative subtype (evolutionary path 1), but 
not in the luminal subset (evolutionary path 2). Furthermore, 
as the frequency of BRCA1 LOH is also higher in PTEN-null 
cases, the probability of effi cient therapeutic response targeting 
BRCA1-null tumor cells (e.g., PARP inhibitors) is also expected 
to be higher in these cases than in the luminal subset. Second, 
our results also imply that AKT pathway inhibitors and agents 
designed for targeting p53 mutant tumor cells may show prom-
ise for the prevention and treatment of breast tumors in a subset 
of BRCA1 mutation carriers. Finally, our methodology of single-
cell profi ling and computational identifi cation of the evolution-
ary paths to tumorigenesis can also be applied to other tumor 
types and promises to provide information about the natural 
history of a range of human tumors.

METHODS

Tissue Samples and Cell Lines
Breast tissue samples were collected at Harvard-affi liated hospitals 

(Dana-Farber Cancer Institute, Brigham and Women’s Hospital, and 
Beth-Israel Deaconess Medical Center, Boston, MA), Seoul National 
University Bundang Hospital (Seoul, Korea), Texas Oncology-
Baylor Charles A. Sammons Cancer Center (Dallas, TX), University 
of California San Francisco (San Francisco, CA), and Johns Hopkins 
University (Baltimore, MD) using protocols approved by the institu-
tional review boards. Breast cancer cell lines used in the study were 
obtained from American Type Culture Collection (MDA-MB-468, 
MDA-MB-436, and HCC-1937), Marc Lippman (MCF7), and Steve 
Ethier (SUM149PT), and their identity confi rmed by SNP6 array 
analysis. None of the cell lines were maintained as continuous 
 cultures in the laboratory and were used only at early passage.

Immunohistochemistry
IHC was carried out using whole sections of FFPE tissues and anti-

bodies for PTEN [Clone 138G6, rabbit monoclonal antibody (mAb); 
Cell Signaling], p53 (Clone DO-7, mouse mAb; Dako), and ER (Clone 
6F11, mouse IgG1 mAb; Neomarkers). Heat-induced antigen retrieval 
was carried out in 10 mmol/L citric acid (pH = 6.0) in a steamer at 
95°C for 40 minutes. Sections were incubated with primary anti-
bodies diluted in 5% goat serum as follows: PTEN—1:100 dilution, 
overnight at 4°C, P53—1:100 dilution, 2 hours at room temperature, 
and ER—1:50 dilution, 3 hours at room temperature, followed by 
incubation with appropriate biotinylated secondary antibodies and 
peroxidase-conjugated avidin–biotin complexes (Elite ABC; Vector 
Laboratories). Formed immunocomplexes were visualized using diami-
nobenzidine (Sigma) or ImmPACT-VIP (Vector Laboratories). Sections 
were rinsed in PBS between each step. Double IHC was carried out by 
sequentially incubating the sections with PTEN and p53 or PTEN and 
ER antibodies. Peroxidase activity and nonspecifi c biotin binding were 
blocked by incubation with 3% hydrogen peroxide and 10% goat serum, 
respectively, between the sequential staining with the 2 different anti-
bodies. Slides were counterstained with methyl green to visualize nuclei.

Immunofl uorescence
Immunofl uorescence was carried out using antibodies for BRCA1 

(Clone MS110, mouse IgG1 mAb; Calbiochem), p53 (Clone DO-7, 
mouse mAb; Dako), Ki67 (clone MIB-1, mouse IgG1 mAb; Dako), PR 
(RB9017, rabbit polyclonal antibody; Neomarkers), polyglutamylated 

tubulin (clone GT335, mouse IgG1 mAb; Enzo Life Sciences), and RAD51 
(H-92, rabbit polyclonal antibody; Santa Cruz). Antigen retrieval, block-
ing, and primary antibody dilutions were the same as for IHC described 
above. Tissue sections were incubated with primary (BRCA1—1:100, 3 
hours; RAD51—1:100, 3 hours) and secondary antibodies (Alexa Fluor 
555–conjugated goat anti-mouse IgG1 and Alexa Fluor 488–conjugated 
goat anti-rabbit, both 1:100, 45 minutes; Invitrogen). Sections of normal 
breast tissue from 12 BRCA1 carriers and 9 noncarrier controls (with 
and without contralateral breast cancer) were stained using antibodies 
for polyglutamylated tubulin at 1:800 dilution for 1 hour at room tem-
perature, or a combination of Ki67 and PR, at 1:100 dilution for 2 hours 
at room temperature. Alexa Fluor 555–conjugated goat anti-mouse IgG1 
and Alexa Fluor 488–conjugated goat anti-rabbit secondary antibodies 
were used at 1:100 dilution and incubated for 45 minutes. Samples were 
washed twice with PBS-Tween 0.05% between incubations and protected 
for long-term storage with VECTASHIELD HardSet Mounting Medium 
with DAPI (catalog #H-1500; Vector Laboratories).

Immuno-FISH
A combination of immunofl uorescence for p53 and FISH for 

BRCA1 was carried out essentially as previously described (38), but 
using probes specifi c for BRCA1 (BAC Clone ID: 831F13; Invitrogen) 
and chromosome 17 (CEP 17 Spectrum Green Probe; Abbott), and 
antibodies for p53 (Dako; Clone DO-7, mouse mAb). BRCA1 BAC 
probe was labeled by nick translation and Alexa Fluor 647–conju-
gated nucleotides (Abbott).

PIK3CA Mutation Analysis
DNA preparation and mutation analyses were carried out essen-

tially as previously described (18); detailed procedures are available 
upon request.

Confocal Microscopy Analysis
Samples were stored at −20°C for at least 48 hours before image 

analysis. For combined PR and Ki67 immunofl uorescence, different 
images from multiple areas of each sample were acquired with a Nikon 
Ti microscope attached to a Yokogawa spinning disk confocal unit, 
×60 plan apo objective, and OrcaER camera controlled by Andor iQ 
software. For BRCA1 immunofl uorescence and immuno-FISH, images 
were acquired with a SP5 Leica Confocal Microscope, ×60 plan objec-
tive, and analyzed by Leica software (Leica Application Suite–Advanced 
Fluorescence 2.2.0). For immuno-FISH, several images from different 
regions of each tumor were acquired by overlapping plans (Z-stack 
with 0.4-μm intervals) to capture all FISH signals in the section.

Scoring for the Expression of Markers 
in Individual Tumor Cells

For immuno-FISH, we analyzed 100 to 200 individual cancer cells 
from different areas of each tumor and scored the p53 status and 
the number of CEP and BAC probes in each cell. Because tumor cells 
that were positive or lacked PTEN were very well demarcated within 
tumors, PTEN status was defi ned by double-immunohistochemical 
staining of adjacent sections for PTEN and p53. Because double IHC 
provides a more complete overview of the section than immuno-FISH, 
a larger area was assessed by double IHC than by immuno-FISH. 
Thus, in small regions, we were able to assess PTEN and p53 but not 
BRCA1 status. These technical issues were taken into consideration 
during our statistical analyses by carrying out all possible permuta-
tions and selecting the weakest P-value (see details below). Similarly, 
because immunofl uorescence is less sensitive than IHC, in a few cases 
we could not detect staining for mutant p53 by immunofl uorescence, 
but still got good signal by IHC. In these cases, we counted the pro-
portion of p53 mutant cells based on IHC and the BRCA1 status 
based on immuno-FISH slides and carried out all possible permu-
tations and selected the weakest P-value (see details on next page). 
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For immunofl uorescence for BRCA1 and polyglutamylated tubulin, 
we analyzed approximately 200 cells, whereas for Ki67 and PR double 
immunofl uorescence, 1,000 to 2,000 cells were evaluated in each slide.

Comparison of BRCA1 LOH Based on FISH and PCR and 
Correlation between FISH and Immunofl uorescence Data

To compare BRCA1 LOH data based on PCR (14) to % LOH based 
on FISH we made the following assumptions: (i) there was no contam-
ination from normal tissue/stroma; (ii) there was no copy gain or loss; 
(iii) both original and mutated tumor cell populations were homoge-
neous with respect to BRCA1 locus. If these assumptions hold, then 
the BRCA1 LOH PCR data can be expressed as |(p-50)*2|, in which 
P is the percentage of mutant allele. We used Somer D to analyze the 
concordance between FISH and immunofl uorescence data.

Prediction of the Order of Events: BRCA1 LOH Status
BRCA1 LOH was determined using the ratio of copy number ratio of 

the BAC probe versus the CEP probe (centromeric) in each cell. Ideally 
a BRCA1 wild-type cell should have a BAC to CEP ratio of 2:2 (referred 
to as BAC/CEP:2/2), whereas copy number alteration leads to a differ-
ent ratio. Incidentally, the sectioning of tissue samples can affect nuclei 
of a subset of cells in a slide (e.g., those residing in the section plane) 
such that those cells have an apparently different BAC to CEP ratio 
even though they are genetically wild type. For example, during sec-
tioning a wild-type cell may lose part of its nucleus, including one copy 
of chr17, leading to the BAC to CEP ratio of 1:1, which can be misinter-
preted as loss of BRCA1 due to whole chromosome loss during tumori-
genesis. On the other hand, cells with BRCA1 copy number alterations 
may have apparently normal BAC to CEP ratio for similar reasons. To 
estimate the bias introduced by the above phenomenon and to make 
necessary corrections in our analyses, we carried out a set of control 
analyses. We analyzed 15 independent slides prepared using BRCA1 
wild-type cells (MDA-MB-468 cell line), used as negative controls, and 
15 independent slides prepared from cells with known BRCA1 LOH 
(SUM-149, HCC-1937, and MDA-MB-436 cell lines), used as positive 
controls. The negative and positive control sets had approximately 35% 
and 3%, respectively, cells with BAC/CEP:2/2 ratios (Supplementary 
Table S3), as opposed to 100% and 0%, respectively, in the ideal case 
(Supplementary Table S3). Therefore, even a sample with only BRCA1 
wild-type cells would have about 65% cells with apparent signatures of 
BRCA1 LOH (i.e., BAC/CEP ≠ 2/2). The thickness of the slides had min-
imal effects on these proportions for both control sets. From the distri-
bution of the proportions of BAC/CEP:2/2 cells in positive and negative 
control sets, we calculated the most probable number of cells present 
with genuine BRCA1 LOH, after adjusting for the variability arising 
from the technical issue described above. We used a residual bootstrap-
ping technique with 15 iterations. At each iteration, we drew a value (vi; 
i = 1;15) from the distribution of BAC/CEP:2/2 ratios in the negative 
control, and again one value (vj; j = 1;15) from the positive control. If, in 
a given slide, the proportion of cells with BRCA1 LOH—with a certain 
status for PTEN and P53 genes—(i) was lower than vi (the value 
expected to arise due to technical reasons), as observed in the nega-
tive control sets, we considered all those cells as wild type, and (ii) was 
higher than that vi, we subtracted the contribution of variability due 
to technical reasons, and adjusted the number of BRCA1 wild-type 
cells accordingly. We made similar adjustments based on the positive 
control set and recalibrated the number of cells with wild-type BRCA1 
and BRCA1 LOH in the dataset. We then used the recalibrated data-
set for further analysis. We also determined the order of events after 
adjustments using the median value of BAC/CEP:2/2, instead of the 
distribution of the proportion of BAC/CEP:2/2, in the positive and 
negative control sets. The order of events was highly similar to that 
depicted in Fig. 1 (Supplementary Table S4). To further validate this 
approach, we applied it to a set of slides derived from tissue blocks of 
different mixtures of cell lines with wild-type and mutant BRCA1 (10%, 

25%, and 40% of wild type and mutant mix). We then assessed correla-
tions between estimated and known percentage using Somer D test.

Combinatorial Mutation Status
For a subset of the samples, it was diffi cult to determine the mutation 

status for multiple genes on a cell-by-cell basis, as we described above in 
the scoring section, because we used 2 sequential tissue sections to 
analyze the status of the 3 markers. To avoid any bias arising due to this 
ambiguity for each of those samples, we generated an ensemble of cases 
with cell counts for different combinations of the mutational status 
for the 3 genes, which satisfi ed the cell counts observed for individual 
mutations and their unambiguous combinations. Using a missing 
value imputation strategy, we then calculated a single P-value for the 
order of events in that sample from that ensemble of cases.

Order of Events
To determine the fi rst event in a given sample, we compared the 

number of cells in the 3 groups: (i) PTEN loss, BRCA1, and P53 
wild type (N100), (ii) P53 loss, BRCA1, and PTEN wild type (N010), 
and (iii) BRCA1 gain (or loss), PTEN and P53 wild type (N001). We 
accepted the most abundant group to indicate the fi rst mutation 
event and compared the number of cells in that group with each of 
the 2 others using a binomial test and then used the union–intersec-
tion test to obtain a conservative estimate:

  P(PTEN) = max {F (N010, N100 + N010, 0.5), 
   F (N001, N100 + N001, 0.5)}

  P(P53) = max {F (N100, N100 + N010, 0.5), 
   F (N001, N010 + N001, 0.5)}

  P(BRCA1) = max {F(N100, N100 + N001, 0.5), 
   F (N010, N001 + N010, 0.5)}
in which
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If 2 of the most abundant groups had the same number of cells, we 
fl agged the fi rst event as “unresolved.” Once the fi rst mutation event was 
fl agged, we compared the number of cells in the 2 groups, which (i) were 
mutated in the fi rst and second gene and wild type for the third and (ii) 
wild type for the second gene and mutated in the fi rst and third genes, 
using the binomial test as above. We generated an ensemble of instances 
for each sample to account for the technical variability described in the 
BRCA1 LOH and combinatorial mutation status sections. Finally, using 
a missing value imputation strategy, we calculated a single P-value for 
the order of events in that sample from the ensemble of cases. If some 
cells had only one mutation and some other cells had only a different 
mutation, but no cells had both mutations, then the order of events was 
unclear. This scenario could potentially indicate 2 independent muta-
tion events. Such cases are discussed as special cases.

Shannon and Simpson Indices of Diversity
Shannon and Simpson indices of diversity of BRCA1 LOH were cal-

culated following standard procedures (19) and as described previously 
(38). The Pearson correlation coeffi cient between Shannon and Simp-
son indices for our dataset (i.e., Supplementary Table S1) is −0.9186. 
The anticorrelation is not surprising because a population with high 
Shannon index would usually have low Simpson index and vice versa.
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