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Women carrying germ-line mutations in BRCA1 are strongly pre-
disposed to developing breast cancers with characteristic features
also observed in sporadic basal-like breast cancers. They appear as
high-grade tumors with high proliferation rates and pushing bor-
ders. On the molecular level, they are negative for hormone
receptors and ERBB2, display frequent TP53 mutations, and express
basal epithelial markers. To study the role of BRCA1 and P53 loss
of function in breast cancer development, we generated condi-
tional mouse models with tissue-specific mutation of Brca1 and/or
p53 in basal epithelial cells. Somatic loss of both BRCA1 and p53
resulted in the rapid and efficient formation of highly proliferative,
poorly differentiated, estrogen receptor-negative mammary carci-
nomas with pushing borders and increased expression of basal
epithelial markers, reminiscent of human basal-like breast cancer.
BRCA1- and p53-deficient mouse mammary tumors exhibit dra-
matic genomic instability, and their molecular signatures resemble
those of human BRCA1-mutated breast cancers. Thus, these tumors
display important hallmarks of hereditary breast cancers in BRCA1-
mutation carriers.

mouse models � conditional knockout

Germ-line mutations in the human breast cancer susceptibility
gene BRCA1 are responsible for 40% to 50% of hereditary

breast cancers and confer increased risk for development of ovar-
ian, colon, and prostate cancers (1, 2). BRCA1 has been implicated
in various cellular processes, including maintenance of genome
integrity, DNA replication and repair, chromatin remodeling, and
transcriptional regulation (3, 4). Although the exact mechanism of
mammary tumor suppression by BRCA1 remains largely unknown,
cells with dysfunctional BRCA1 show defects in survival and
proliferation, increased radiosensitivity, chromosomal abnormali-
ties, G2/M checkpoint loss, and impaired homologous recombina-
tion repair (5).

BRCA1-mutated breast cancers that arise in women with germ-
line mutations in BRCA1 are high-grade, hormone receptor-
negative breast carcinomas with frequent mutation of TP53 (4, 6).
They also possess a basal-like phenotype as defined by the expres-
sion of markers that are typical for basal/myoepithelial cells, such
as the basal cytokeratins (CKs) CK5/6 and CK14 (7). Indeed, strong
molecular similarities are observed between hereditary BRCA1-
mutated breast cancers and sporadic basal-like breast carcinomas
(8, 9). This phenotypic overlap has led to the hypothesis that
sporadic basal-like cancers may have defects in BRCA1-related
pathways, such as the amplification of EMSY and the methylation
of BRCA1 and FANCF (10).

Despite the fact that several mouse strains with conventional or
conditional mutations in Brca1 have been generated (11), no good
mouse model for BRCA1-mutated basal-like breast cancer has
been developed so far. Most conventional Brca1 knockouts are
embryonic-lethal when bred to homozygosity, yet heterozygous

Brca1 female mice are not tumor-prone (12–14). Hypomorphic
Brca1tr/tr and Brca1�11/�11;p53�/� mutant mice, as well as condi-
tional MMTVcre;Brca1Co/Co and MMTVcre;Brca1Co/Co;p53�/�

mice develop mammary tumors with diverse histological patterns
(15–17). Moreover, Cre-mediated recombination of the most
widely used conditional Brca1 allele (Brca1Co) (18) generates a
hypomorphic Brca1�11 allele, which encodes BRCA1-�11, a natu-
rally occurring splice variant of Brca1 (19). Mouse mammary tumor
models based on conditional Brca1-null alleles are therefore re-
quired to study the role of BRCA1 in breast cancer development.

Here we have generated conditional mouse mutants with somatic
deletion of Brca1 and p53 in several epithelial tissues including
mammary epithelium. Female mice of this strain showed a high
incidence of mammary tumors that mimic many aspects of human
BRCA1-mutated basal-like breast cancer.

Results
Somatic Inactivation of p53 Induces Mammary Tumor Formation.
Because BRCA1-mutated breast tumors frequently contain muta-
tions in TP53 (20), we set out to create a mouse mammary tumor
model based on simultaneous inactivation of BRCA1 and p53.
Modeling mammary tumorigenesis in conventional p53 knockout
mice is complicated by the fact that these mice develop lymphomas
and sarcomas, rather than epithelial tumors (21–23). Moreover,
conventional tumor suppressor gene knockout mice do not mimic
sporadic tumor development because the targeted mutations are
present in all cells of the animal (24). We therefore generated a
conditional mammary tumor model based tissue-specific inactiva-
tion of p53. To this end, we crossed conditional p53F mice with
K14cre transgenic mice in which Cre recombinase expression is
restricted to several epithelial tissues, including skin and mammary
gland epithelium (25). The resulting K14cre;p53F/F female mice
developed mammary tumors and skin tumors with a median latency
(T50) of 288 days (Fig. 1A).
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BRCA1 and p53 Loss Collaborate in Mouse Mammary Tumorigenesis.
To study the role of BRCA1 in mammary tumorigenesis, we
generated mice carrying conditional Brca1F alleles in which
Brca1 exons 5–13 are flanked by loxP sites [supporting informa-
tion (SI) Fig. 7]. We crossed these animals to K14cre and
K14cre;p53F/F mice to produce compound mutant animals with
epithelium-specific loss of BRCA1 and/or p53. K14cre;Brca1F/F

female mice showed normal ductal and alveolar development
and were able to lactate and nurse their litters (data not shown).
A cohort of 11 K14cre;Brca1F/F virgin mice was monitored for

tumor formation; however, none of the animals developed
mammary tumors during an 800-day period (Fig. 1B).

To study the potential synergistic effects of epithelial BRCA1 and
p53 inactivation on mammary tumor formation, cohorts of
K14cre;Brca1F/F;p53F/F, K14cre;Brca1F/�;p53F/F, and K14cre;
Brca1F/F;p53F/� female mice were generated and monitored for the
development of neoplasms. Compared with K14cre;p53F/F animals,
K14cre;Brca1F/F;p53F/F mice developed mammary tumors with a
significantly reduced T50 of 213 days (Fig. 1B; P � 0.001). Tumor
onset and progression in these mice were relatively uniform, with
most tumors arising between 140 and 280 days. Compared with
K14cre;Brca1F/F;p53F/F female mice, significantly longer median
tumor-free survival periods (P � 0.0001) were observed for the
K14cre;Brca1F/�;p53F/F and K14cre;Brca1F/F;p53F/� animals (T50
of 332 days and 407 days, respectively), demonstrating that both
BRCA1 and p53 loss of function contribute to tumorigenesis in
these mice (Fig. 1 C and D). K14cre;Brca1F/�;p53F/F and
K14cre;p53F/F animals developed tumors with comparable latency
(Fig. 1C; P � 0.218), showing that BRCA1 is not haploinsufficient
for suppression of mammary and skin tumorigenesis in mice. The
fraction of female mice that developed mammary tumors was
higher in the K14cre;Brca1F/F;p53F/F cohort (40 of 50; 80%) than in
the K14cre;p53F/F cohort (20 of 32; 63%), indicating that BRCA1
loss skews toward mammary tumorigenesis. Within each group,
mammary and skin tumors developed with a comparable median
latency, showing that BRCA1 and p53 loss of function also collab-
orate in skin tumorigenesis.

High Incidence of Loss of Heterozygosity at p53, but Not at Brca1, in
Mammary Tumor Formation. Collaboration of BRCA1 and p53
inactivation in tumorigenesis was confirmed by Southern blot
analysis of mammary tumors from K14cre;Brca1F/F;p53F/F,
K14cre;Brca1F/�;p53F/F, and K14cre;Brca1F/F;p53F/� mice. All tu-
mors (32 of 32) from K14cre;Brca1F/F;p53F/F mice had lost all four
conditional Brca1F and p53F alleles (Fig. 1E, mice 1 and 2).
Similarly, all tumors (11 of 11) from K14cre;Brca1F/F;p53F/� ani-
mals showed Cre-mediated deletion of all conditional alleles as well
as loss of the wild-type p53 allele (Fig. 1E, mice 3 and 4). In contrast,
in the K14cre;Brca1F/�;p53F/F mice, all tumors (9 of 9) showed loss
of both conditional Trp-53 alleles, but only 80% (7 of 9) of the
tumors had lost the conditional Brca1 alleles (Fig. 1E, mouse 6), and
20% (2 of 9) of the tumors showed retention of the conditional
Brca1 allele (Fig. 1E, mouse 5). None of these tumors showed loss
of the wild-type Brca1 allele. The stochastic loss of the conditional
Brca1 allele without concomitant loss of the wild-type allele sug-
gests that BRCA1 has relatively weak tumor suppressor activity
compared with p53 or that loss of heterozygosity at Brca1 is more
infrequent in mice than in humans.

Histopathologic Features of Mammary Tumors in K14cre;p53 F/F and
K14cre;Brca1F/F;p53F/F Female Mice. As shown in Table 1 and SI Table
2, the mammary tumors that developed in K14cre;p53F/F female
mice were either pure epithelial tumors (8 of 21; 38%), with
glandular differentiation or a solid growth pattern without differ-
entiation; or biphasic tumors either poorly differentiated with
malignant epithelial and mesenchymal components (10 of 21; 48%)
or differentiated with an organoid adenomyoepithelial pattern (3 of

Fig. 1. Incidence and spectrum of tumors in K14cre female mice carrying
conditional Brca1F and p53F alleles. (A) Kaplan–Meier (K–M) survival curve of
K14cre;p53F/F female mice (n � 32) showing a median tumor-free survival age
(T50) of 288 days. (B) K–M curves of K14cre;p53F/F mice (blue curve) versus
K14cre;Brca1F/F female mice (green curve; n � 11; T50 � 595 days; P � 0.0001)
and K14cre;Brca1F/F;p53F/F female mice (orange curve; n � 50; T50 � 213 days;
P � 0.0001). (C) K–M curve of K14cre;p53F/F mice (blue curve) versus
K14cre;Brca1F/�;p53F/F female mice (pink curve; n � 19; T50 � 332 days; P �
0.218). (D) K–M curve of K14cre;Brca1F/F;p53F/� female mice (red curve; n � 16;
T50 � 407 days). Tumor types (mammary, skin, or other) are indicated for each
female. Mice were killed when mammary tumors reached a diameter of �1 cm
or skin tumors grew to a size of �0.7 cm. For mice with both skin and mammary
tumors, the size of the latter was used as the criterion. (E) Southern blot
analysis of tumor DNA to detect Cre-mediated deletion and spontaneous loss
of Brca1 (EcoRV � StuI digest, Brca1 exon 14 probe) and p53 (BglII digest, p53
XbaI probe). Tumors (T) and control spleens (C) from the same animal are
shown for representative female mice (1–6) of each genotype.

Table 1. Mammary tumor spectrum and incidence in K14cre;p53F/F and K14cre;Brca1F/F;p53F/F female mice

Incidence (%)

Tumor type Human classification K14cre;p53F/F K14cre;Brca1F/F;p53F/F

Carcinoma Intermediate to high-grade IDC-nos 8/21 (38) 29/32 (91)
Biphasic carcinoma, poorly differentiated Carcinosarcoma 10/21 (48) 1/32 (3)
Biphasic carcinoma, well differentiated Adenomyoepithelioma 3/21 (14) 2/32 (6)
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21; 14%). The pure epithelial tumors resembled human invasive
ductal carcinoma not otherwise specified (IDC-nos) of intermedi-
ate to high grade; all showed expansive growth, high mitotic count,
and moderate to high nuclear grade (Fig. 2 A–C). Necrosis was
uncommon, and there was no or moderate lymphocytic infiltrate.
The cells expressed CK8 and were ER-negative. The poorly dif-
ferentiated biphasic tumors combined a high-grade CK8-positive
epithelial component with a pleomorphic (malignant fibrous histi-
ocytoma-like) CK8-negative and vimentin-positive mesenchymal
component (Fig. 2 D–F). These tumors resembled human carcino-
sarcomas. The differentiated biphasic tumors resembled human
adenomyoepitheliomas, showing complex branching glands lined
by a double layer of CK8-expressing luminal epithelium and smooth
muscle actin-positive myoepithelium (Fig. 2 G–I). Also these tu-
mors had pushing borders, were estrogen receptor (ER)-negative
and showed no or moderate lymphocytic infiltrate.

Compared with K14cre;p53F/F animals, a much larger fraction
(29 of 32; 91%) of K14cre;Brca1F/F;p53F/F female mice developed
carcinomas that resembled high-grade IDC-nos in humans, with a
solid growth pattern, a large CK8-positive and ER-negative cell
type with high-grade nuclei, high mitotic count, and with pushing
borders (Table 1 and SI Table 3). Few cases showed necrosis,
and no or moderate lymphocytic infiltrate was observed. Some
Brca1�/�;p53�/� carcinomas (2 of 29; 7%) contained areas of
chondroid metaplasia, with gradual transitions of solid nests of
CK8-positive cells into dispersed CK8-negative, vimentin-positive
(myoepithelial) cells surrounded by matrix (Fig. 2 J–L).

BRCA1 Loss Induces Genomic Instability. Genomic instability is an
almost universal characteristic of solid tumors in humans (26), and
both BRCA1 and p53 have been implicated in this phenomenon
(27, 28). To assess the contribution of each tumor suppressor to

genomic instability, we performed array-based comparative
genomic hybridization (CGH) analysis on mammary tumors from
K14cre;p53F/F and K14cre;Brca1F/F;p53F/F female mice. Although
somatic inactivation of p53 alone resulted in an appreciable level of
genomic instability, as measured by the extent of DNA copy
number aberrations (CNAs), combined inactivation of BRCA1 and
p53 caused a significant increase in CNAs (P � 0.00013), indicating
that BRCA1 loss of function is an important determinant for
induction of genomic instability (Fig. 3).

BRCA1-Deficient Mouse Mammary Tumors Express Basal Epithelial
Markers. To explore differences in gene expression between
BRCA1-deficient and BRCA1-proficient mammary tumors, we
determined the gene expression profiles of 32 Brca1�/�;p53�/�

tumors and 21 p53�/� tumors by using pooled RNA of 12 p53�/�

tumors as a common reference. After combination of the normal-
ized data from dye swap experiments using the Rosetta error model
(29), 5,237 genes were selected that showed significant changes in
expression across the 53 tumors. Next, a 2D unsupervised hierar-
chical clustering algorithm was used to group the 53 tumors on the
basis of similarity in their gene expression profiles and the 5,237
genes on the basis of similarity in their expression pattern across all
53 tumors (Fig. 4A and SI Fig. 8). This analysis yielded several
groups of clustered genes, which contained basal CKs (Krt2–5) and
other markers (Trim29, Trp-63, and Idb4) that have been implicated
in basal-like breast cancer (9, 30–32). These markers, which are
often expressed in human BRCA1-mutated breast cancers (9, 32),
were also up-regulated in most, if not all, mouse Brca1�/�;p53�/�

tumors. Increased expression of p63 and CK5 in Brca1�/�;p53�/�

tumors, compared with p53�/� tumors, could be confirmed by
immunohistochemistry (Fig. 4 B–G).

Fig. 2. Histopathological features of mammary tumors from K14cre;p53F/F

and K14cre;Brca1F/F;p53F/F female mice. Microphotographs of representative
tumor sections stained with H&E (A, D, G, and J), or with antibodies against
CK8 (B, E, H, and K), vimentin (C, F, and L), or smooth muscle actin (SMA) (I).
(A–C) Solid carcinoma, resembling high-grade IDC-nos in humans. (D–F) Poorly
differentiated biphasic carcinoma, resembling carcinosarcoma in humans.
(G–I) Well differentiated biphasic carcinoma, resembling adenomyoepithe-
lioma in humans. (J–L) Carcinoma with chondroid metaplasia.

Fig. 3. Loss of BRCA1 induces genomic instability. (A and B) Array-CGH
profiles of representative mammary tumors from K14cre;p53F/F and
K14cre;Brca1F/F;p53F/F mice, respectively. Log2 hybridization ratios are plotted
for 2,803 BAC clones, represented on the CGH microarray, at their genomic
position. Red dots represent amplifications �0, and green dots represent
deletions �0 (Rosetta error model; P � 0.01). (C) Comparison of array-CGH
profiles of tumors from K14cre;Brca1F/F;p53F/F (n � 26) and K14cre;p53F/F (n �
27) mice shows that BRCA1 loss results in a significant increase of CNAs.
Depicted are mean percentages of BACs with a P � 0.01 per tumor group and
per chromosome. Statistical significance of the observed differences in per-
centage of CNAs between both groups was calculated using a two-sided t test
(P � 0.00013).
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Supervised Classification of Mouse Mammary Tumors. To identify a
group of reporter genes that could distinguish mouse Brca1�/�;
p53�/� tumors from p53�/� tumors, we performed supervised
classification based on significance analysis of microarrays with a
training set of 16 Brca1�/�;p53�/� carcinomas and 10 p53�/� carci-
nomas. We obtained a set of 646 genes (false discovery rate �
0.012) for which expression was either decreased or increased in the
Brca1�/�;p53�/� tumors, compared with the p53�/� tumors (Fig. 5A
and SI Table 4). A nearest centroid classifier based on the 646
BRCA1 reporter genes was capable of classifying the Brca1�/�;
p53�/� and p53�/� tumors from the training set with 100% accuracy
(Fig. 5B). Moreover, an 85% (23 of 27) correct classification rate
was obtained with the Brca1 classifier for a validation series of 16
Brca1�/�;p53�/� and 11 p53�/� tumors that were not part of the
training data set (Fig. 5C). Gene ontology (GO) analysis showed
significant overrepresentation of the 646 optimal BRCA1 reporter
genes in a number of biological processes, including cell differen-
tiation, cell cycle, and chromatin modification (SI Table 5 and SI
Fig. 9).

Cross-Species Comparison by Unsupervised Clustering. To determine
whether the molecular signatures of mouse Brca1�/�;p53�/� mam-

mary tumors resembled those of human BRCA1-mutated breast
cancers, we examined the relationships among a group of 53 mouse
mammary tumors (21 p53�/� tumors and 32 Brca1�/�;p53�/� tu-
mors) and 44 human breast tumors (16 ER-negative BRCA1 tumors
and 28 ER-negative sporadic tumors) using unsupervised clustering
(Fig. 6A and SI Fig. 10). The first bifurcation of the hierarchical
clustering dendrogram identifies two clusters of tumors, which
represent nonrandom samplings from the complete population (�2

test; P � 3.7 � 10�4 and P � 2.5 � 10�5, respectively). Mouse p53�/�

tumors are overrepresented in Cluster 1 (hypergeometric test; P �
6.9 � 10�7), and mouse Brca1�/�;p53�/� tumors are overrepre-
sented in Cluster 2 (hypergeometric test; P � 4.2 � 10�11). The
human sporadic ER-negative tumors show a significant association
with Cluster 1, whereas the human BRCA1 tumors show a signif-
icant association with Cluster 2 (�2 test; P � 0.035). Hence, human
ER-negative sporadic breast cancers cluster together with mouse
p53�/� mammary tumors, whereas human BRCA1 tumors cocluster
with mouse Brca1�/�;p53�/� tumors.

Cross-Species Comparison by Gene Set Enrichment Analysis (GSEA).
To further explore the similarity between the mouse and human
tumors, we used GSEA (33). Based on the expression of 7,127
nonredundant, annotated genes represented on both mouse and
human microarray platforms, GSEA was applied to test associ-
ation between expression of the genes in a gene set and the class
labels (i.e., Brca1�/�;p53�/� vs. p53�/� for mouse tumors, and
BRCA1-mutated vs. sporadic ER-negative for human tumors).

Fig. 4. Mammary tumors from K14cre;Brca1F/F;p53F/F female mice display char-
acteristics of basal-like breast cancers. (A) Unsupervised hierarchical clustering of
gene expression profiles from mammary tumors of K14cre;Brca1F/F;p53F/F (n � 32)
and K14cre;p53F/F (n � 21) mice. Two-dimensional clustering based on Pearson
correlation coefficients revealed three branches of genes that contained several
markers for basal cell types. The complete heat map of all 5,237 significant genes
is depicted in SI Fig. 8. The dendrogram shows that the majority of the p53�/�

tumors (in blue) were separated from the Brca1�/�;p53�/� tumors (in orange).
(B–G) Histochemical staining of mammary tumor sections from K14cre;Brca1F/

F;p53F/F mice (B–D) and K14cre;p53F/F animals (E–G), with H&E (B and E) or with
antibodies against p63 (C and F) and CK5 (D and G).

Fig. 5. Supervisedclassificationofmousemammarytumors. (A)Expressiondata
matrix of 646 BRCA1 reporter genes from a training set containing 16
Brca1�/�;p53�/� carcinomas (red) and 10 p53�/� carcinomas (green). Each row
represents a tumor, and each column represents a gene. (B) Supervised classifi-
cation of individual tumors from the training set according to their Euclidean
distances to the centroids of mouse Brca1�/�;p53�/� mammary tumors and p53�/�

tumors, respectively. (C) Supervised classification of an independent validation
series containing 16 Brca1�/�;p53�/� tumors (dark blue diamonds) and 11 p53�/�

tumors (light blue diamonds). Most mammary tumors in the validation series
(23/27) were correctly classified by the 646 reporter genes.
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SI Fig. 11 B and C depicts scatter plots of the mouse and human
maximum enrichment scores for 980 gene sets of the GO
hierarchy (www.geneontology.org) and 424 gene sets of the
MSigDb C2 pathways database (www.broad.mit.edu/gsea), re-
spectively. Overall, similar sets of genes exhibit equal levels of
association between the gene expression and the class labels for
both species, meaning that if a given gene set is predictive for the
class label of the human tumors, the same set is also likely to be
predictive for the class label of the mouse tumors. In support of
this, a significant overlap (24/98) is observed for the top-10% GO
gene sets with maximal enrichment scores based on human data
and mouse data, respectively (hypergeometric test; P � 7.7 �
10�6). The overlap of the top 10% of the MSigDb gene sets (11
of 42) also is significant (P � 1.1 � 10�3). Several of these
overlapping top 10% of the gene sets are associated with
processes in which BRCA1 is implicated, such as recombinato-
rial repair, mitotic recombination, telomere maintenance, X-in-
activation, and transcriptional regulation (SI Table 6).

Discussion
To create a mouse model for BRCA1-associated breast cancer, we
have exploited two main characteristics of BRCA1-mutated tumors:
the frequent occurrence of TP53 mutations and the basal-like
phenotype characterized by the expression of basal epithelial
markers such as CK5 and CK14. Using Cre-loxP technology, we
targeted somatic mutation of both Brca1 and p53 specifically to
CK14-expressing (mammary) epithelial cells. The resulting
K14cre;Brca1F/F;p53F/F mouse model shows effective cooperation
of BRCA1 and p53 in mammary tumorigenesis and a lack of
haploinsufficiency for BRCA1 in mammary tumor suppression.
The majority of Brca1�/�;p53�/� mammary tumors are solid carci-
nomas that resemble high-grade IDC-nos in humans.

Our histopathological and molecular analyses showed that
Brca1�/�;p53�/� mammary tumors recapitulate several features of
both human BRCA1-mutated hereditary breast cancers and spo-
radic basal-like breast cancers. Most Brca1�/�;p53�/� tumors are
highly proliferative, ER-negative carcinomas with a high degree of
genomic instability, pushing borders, and expression of basal epi-
thelial markers. The basal-like tumor phenotype might, in part, be
explained by the fact that Cre expression in our K14cre transgenic
mice is driven by the basal CK14 gene promoter, which is active in
mammary stem cells (34, 35).

The availability of mammary tumors from both K14cre;p53F/F

and K14cre;Brca1F/F;p53F/F mice allowed us to study the role of
BRCA1 loss of function in breast oncogenesis via comparative
analysis of matched series of BRCA1-proficient and BRCA1-
deficient tumors. Gene expression profiling of Brca1�/�;p53�/�

mammary tumors and p53�/� control tumors showed that BRCA1
loss leads to a more undifferentiated tumor phenotype with in-
creased expression of basal epithelial markers, suggesting that
BRCA1 might be causally related to the basal-like tumor pheno-
type. In support of this, BRCA1 has recently been reported to be
required for differentiation of mammary epithelial cells (36).

Further support for our mice as a model for human BRCA1-
mutated breast cancer came from our cross-species comparisons of
microarray expression data from mouse and human breast tumors.
Unsupervised clustering of gene expression patterns showed that
Brca1�/�;p53�/� mouse mammary tumors are most similar to hu-
man BRCA1 tumors, whereas p53�/� mouse tumors are more
similar to human sporadic basal-like breast cancers. Similarity
between mouse and human BRCA1-deficient tumors is under-
scored by the fact that Brca1�/�;p53�/� mouse mammary tumors
mix with human BRCA1-mutated tumors, instead of falling into two
separate branches in the dendrogram.

Conventional methods for microarray expression data analysis,
such as unsupervised clustering or supervised classification, fail to
detect biological processes that are distributed across a gene
network and subtle at the level of individual genes. We have
therefore used a second analysis method, GSEA, to search for
shared relationships between mouse and human BRCA1 tumors
with regard to expression patterns of sets of genes with the same
biological function or ontology. GSEA of mouse and human
BRCA1 tumors showed that, overall, functional gene sets exhibit
similar levels of correlation between gene expression and the class
labels (i.e., BRCA1-proficient vs. BRCA1-deficient) in both spe-
cies. Hence, gene sets that are predictive for the class label of the
human sample are also likely to be predictive for the class label of
the mouse sample. Of note, several of the most predictive gene sets
are associated with processes in which BRCA1 is implicated, such
as recombinatorial repair and mitotic recombination (5), telomere
maintenance (37), X-inactivation (38), and transcriptional regula-
tion (39).

In summary, we have generated a K14cre;Brca1F/F;p53F/F mouse
model that develops BRCA1-deficient mammary tumors that
closely mimic human BRCA1-mutated breast cancers with basal-
like phenotypes. This model may be helpful in predicting responses
of human BRCA1-deficient tumors to conventional chemothera-
peutics (40), as well as targeted therapeutics such as poly(ADP-
ribose) polymerase 1 inhibitors that target cancers with defective
homologous recombination repair (41, 42).

Materials and Methods
Mutant Mouse Strains. Generation of conditional Brca1F mouse
mutants is described in SI Materials and Methods. Generation of

Fig. 6. Cross-species comparison of mouse and human BRCA1-deficient breast cancers. Unsupervised hierarchical clustering was used to compare gene expression
profiles of human breast cancer samples from 16 BRCA1 mutation carriers (pink) and 28 sporadic ER-negative cases (gray), with profiles of 32 mammary tumors from
K14cre;Brca1F/F;p53F/F female mice (orange) and 21 tumors from K14cre;p53F/F female mice (blue). Most mouse Brca1�/�;p53�/� and human BRCA1-mutated tumors (42
of 48) are interspersed and cluster together in a single branch of the dendrogram. The complete heat map of all 5,410 significant genes is shown in SI Fig. 10.
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conditional p53F mutants and K14cre transgenic mice has been
described previously (25). All animal experiments were approved
by the local ethical review committee.

Southern Blot Analysis and Genotyping. Isolation of high-molecular
weight DNA and Southern blot analysis was carried out as described
previously (25). Genotyping of the K14cre and p53F alleles was
performed as described (25). Genotyping of Brca1F and Brca1�

alleles are described in SI Materials and Methods.

Histology and Immunohistochemistry. Histological and immunohis-
tochemical stainings of tissue sections were performed as described
before (43). Primary and secondary antibodies used are listed in SI
Materials and Methods.

Array-CGH Analysis. Array-CGH analysis of mouse mammary tu-
mors was performed by fluorochrome-reversed pairs of two-color
hybridizations of 3K mouse BAC microarrays with fluorescently
labeled tumor DNA and normal (spleen) DNA from the same
animals as described (44). The Rosetta error model was used to
calculate weighted averages and statistical confidence levels (29,
44). All values with P values �0.01 were considered to represent
significant CNAs. To quantify the difference in genomic instability
between p53�/� and Brca1�/�;p53�/� tumors, the total number of
significant BACs was summed for all tumors in each tumor group,
and a two-sided t test was used to determine statistical significance
of the observed differences in values calculated for both groups.

Gene Expression Profiling. Methods for RNA extraction, RNA
amplification, microarray hybridization, and data processing are
described in SI Materials and Methods. For unsupervised clustering
and supervised classification, the number of gene features was
reduced from 18,173 to 5,237 by excluding genes with �10%

missing value, as well as genes that showed significant changes in
expression (log2 ratio � 1 or � �1) in �10% of the samples.

Unsupervised Clustering and Supervised Classification. 2D unsuper-
vised hierarchical clustering was performed using the Pearson
correlation as a distance measure and complete linkage. Signifi-
cance analysis of microarrays analysis (www.bioconductor.org/
packages/1.8/bioc/html/siggenes.html) (45) was used to identify a
group of mouse BRCA1 reporter genes, which could separate
mouse Brca1�/�;p53�/� tumors from p53�/� tumors in the training
set. Supervised classification was performed by calculating the
Euclidean distance of each tumor to the centroid of the mouse
Brca1�/�;p53�/� tumors and p53�/� tumors, respectively. Tumors
used for training and validations are indicated in SI Tables 2 and 3.

GO Analysis of Mouse BRCA1 Reporter Genes. GO analysis of mouse
BRCA1 reporter genes was performed using the Gene Set Analysis
Toolkit (www.bioinfo.vanderbilt.edu/webgestalt).

Cross-Species Comparison of Microarray Data. Methods used for
unsupervised hierarchical clustering and GSEA analysis of microar-
ray expression data from human and mouse tumors are described
in SI Materials and Methods.
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