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SUMMARY

Women with inherited mutations in the BRCA1 gene
have increased risk of developing breast cancer
but also exhibit a predisposition for the develop-
ment of aggressive basal-like breast tumors. We
report here that breast epithelial cells derived from
patients harboring deleterious mutations in BRCA1
(BRCA1™4+) give rise to tumors with increased basal
differentiation relative to cells from BRCA71**
patients. Molecular analysis of disease-free breast
tissues from BRCA1™* patients revealed defects
in progenitor cell lineage commitment even before
cancer incidence. Moreover, we discovered that the
transcriptional repressor Slug is an important func-
tional suppressor of human breast progenitor cell
lineage commitment and differentiation and that it
is aberrantly expressed in BRCA1™"* tissues. Slug
expression is necessary for increased basal-like
phenotypes prior to and after neoplastic transforma-
tion. These findings demonstrate that the genetic
background of patient populations, in addition to
affecting incidence rates, significantly impacts
progenitor cell fate commitment and, therefore,
tumor phenotype.

INTRODUCTION

Tumor suppressor genes, such as BRCA1, repress malignant
transformation by ensuring the fidelity of DNA replication and
chromosomal segregation in response to potentially deleterious
events. The increased risk of breast cancer development in indi-
viduals with inherited mutations in BRCA1 has been attributed to
compromised DNA damage repair activity (Welcsh and King,
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2001). However, it has been unclear why mutations in BRCAT
are also preferentially associated with an increased propensity
for developing a specific subtype of breast cancers, basal-like
tumors, with a distinct molecular phenotype and a poor prog-
nosis (Foulkes et al., 2004; Arnes et al., 2005). Recent evidence
has indicated that BRCA1 might function to regulate mammary
epithelial cell morphogenesis and differentiation (Furuta et al.,
2005; Liu et al., 2008; Kubista et al., 2002). Whether these
functions of BRCAT directly relate to the increased development
of basal-like breast cancer, however, is not known.

Human breast tissue contains two major specialized epithelial
cell types: luminal cells with secretory functions surrounding the
inner breast duct lumen and basal/myoepithelial cells with
contractile functions that interface between luminal cells and
the basement membrane. Corresponding to these cell states,
human breast cancers are broadly classified into luminal-like or
basal-like tumors based on their gene expression patterns
(Peppercorn et al., 2008). Accordingly, it has been proposed
that tumors with “luminal” characteristics may result from the
transformation of cells within the luminal lineage, whereas tumors
exhibiting “basal-like” differentiation may arise from basal cells.
However, there is also a wealth of evidence indicating that breast
tumors exhibiting luminal or basal-like differentiation have
distinct constellations of genetic aberrations, which may also
influence tumor phenotype. For example, luminal tumors
frequently express elevated levels of cyclin D1 (CCND1) and
sustain mutations in phosphoinositide 3-kinase (PI3K) (Gauthier
et al., 2007; Loi et al., 2009; Saal et al., 2005; Campbell et al.,
2004), whereas dysregulated expression of ras isoforms, muta-
tions in p53, loss of PTEN expression, and loss or silencing of
BRCAT1 are more commonly associated with basal-like tumors
(Gluz et al., 2009; Rakha et al., 2008; Miyakis et al., 1998). More-
over, as mentioned above, inherited mutations in BRCA1
(BRCA1™*) strongly predispose for the formation of basal-like
tumors (Foulkes, 2003; Foulkes et al., 2004; Arnes et al., 2005).

In principle, the predisposition for basal-like tumors in BRCAT-
mutation carriers could result either from the differentiation state
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of the precursor cells or from the genetic alterations acquired
during tumor formation. In this study, we examined the biology
of disease-free breast tissues from patients harboring delete-
rious mutations in BRCA1. In doing so, we found a relationship
between genetic alterations in perturbing mammary progenitor
differentiation and their influence on tumor phenotype.

RESULTS

Creation of Human Breast Cancers In Vivo Exhibiting
Heterogeneous Differentiation

To examine the connection between the role of BRCAT in breast
progenitor cell differentiation with the susceptibility of BRCAT-
mutation carriers to developing basal-like breast cancers, we
used a recently described method for creating human breast
tissues in vivo (Proia and Kuperwasser, 2006; Wu et al., 2009).
This method involves three distinct temporal steps: (1) clearing
of the murine mammary fat pad, (2) reconstitution of the
mammary fat pad with human stromal cells, and (3) introduction
of lentiviral-infected organoids comixed with activated fibro-
blasts into the humanized fat pad. Because this system does
not require any cell culture, the likelihood of genetic alterations
or the selection of variant phenotypes during in vitro expansion
is minimized.

In an attempt to generate tumors from patient-derived breast
epithelial cells, we modified step (3) above by introducing onco-
genes into dissociated single cell suspensions of epithelial cells
before introducing them into humanized stroma (Figure 1A). We
chose a set of oncogenes reflective of both the luminal and basal
tumor classes to reduce the potential for genetic bias toward
either tumor subtype. We infected uncultured breast epithelial
cell suspensions obtained from dissociated reduction mammo-
plasty tissues with lentiviruses harboring genes for a mutated
form of p53 (p53R175H), wild-type cyclin D1 (CCND1), a consti-
tutively activated form of P13K (PI3KCA), and an oncogenic form
of K-ras (RasG12V). Breast tumors developed when all four
genes were introduced simultaneously into the breast epithelial
cells (Figures 1B and 1C).

Tumor formation with this procedure was observed with
reduction mammoplasty tissues obtained from multiple patient
samples. Expression of the introduced genes in the generated
breast tumors was verified by immunostaining (for p53, cyclin
D1, and p-Akt) and RT-PCR (for K-ras) (Figure 1D). Hematoxylin
and eosin (H&E) stains of tumor sections revealed that the
tumors were heterogeneous invasive carcinomas with regions
of mixed squamous and papillary features (Figure 1E; Figure S1
available online). Immunostaining showed that cancer cells in
squamous metaplastic regions expressed markers indicative of
basal differentiation (cytokeratin 14 [CK14], p63, and vimentin
[VIM]) and those within papillary regions expressed luminal
markers (estrogen receptor [ER], CK8/18, and CK19) (Figure 1E).

We next applied this transformation protocol to mammary
epithelial cells obtained from prophylactic mastectomy tissues
from patients harboring deleterious mutations in BRCAT
(BRCA1™*) (Table S1, Figure S1). We observed that the iden-
tical set of oncogenes was sufficient to transform epithelial cells
obtained from BRCAT1™+ patients (Figure 2A). Although the
introduced oncogenes were expressed to the same extent in
wild-type and BRCAT tumor tissues, immunostaining of tissue
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sections revealed strong expression of the basal epithelial
markers CK14, p63, and vimentin in BRCA1™* tumor cells
(Figures 2B and 2C). In addition, although tumors arising from
BRCAT*"* epithelium exhibited regions that were CK8/18 and
ER positive, tumors arising from BRCA1™"* cells showed
a statistically significant reduction in both CK8/18 and ER
expression and increased CK14 expression, which is typical of
basal-like tumors (Figure 2C).

To evaluate more comprehensively whether the tumors gener-
ated from BRCA1™* epithelium exhibited increased basal-like
features, we performed global gene expression analyses (Table
S2). Hierarchical clustering indicated that tumors arising from
either BRCAT** or BRCA1™¥* epithelium could be segregated
from one another based on global transcriptional profiles (Fig-
ure 2D). Gene set enrichment analysis (GSEA) revealed that
BRCA1™* tumors exhibited a significant upregulation of genes
associated with breast epithelial basal/myoepithelial cell
differentiation compared to the tumors arising from BRCA1*/*
cells (Figure 2E: basal gene set |, p < 0.024; basal gene set I,
p <104 Table S3). In addition, GSEA indicated specific upregu-
lation of genes in the human breast cancer “basal-like” centroid,
which identifies the human basal-like tumor phenotype (Hu et al.,
2006) in BRCAT™"* tumors (basal centroid, Figure 2E, p <
0.033; Table S3) relative to BRCAT** tumors. Collectively, these
results indicate that compared to BRCA1** tumors, BRCA1™/*
tumors generated with identical transforming oncogenes ex-
hibited increased basal-like differentiation.

Lineage Differentiation Defects in Breast Tissues

from BRCA1-Mutation Carriers

Because the BRCAT*"* and BRCA1™* tumors were generated
with identical oncogenes, these results suggest that the predis-
position of BRCAT™ ¥+ patients for developing basal-like tumors
may result from cellular distinctions present prior to neoplastic
transformation. We therefore purified breast epithelial cells
from BRCA1*"* and BRCA1™/* disease-free breast tissues
and assessed the differentiation state of normal precursors in
age-matched breast tissue samples. BRCA1** and BRCA1™"+
breast epithelial cells expressed similar levels of BRCAT tran-
script and protein (Figure S2). However, gene-expression
profiling indicated that many genes were differentially expressed
between BRCAT** and BRCA1™¥* epithelial cells (Figure 3A;
Table S4; Figure S2). Examination of gene ontology functional
processes indicated that a number of genes associated with
DNA transcription (repressor and activator), DNA binding, estab-
lishment and/or maintenance of chromatin architecture,
and chromatin assembly or disassembly were differentially
expressed in BRCA1™Y+ epithelium relative to BRCAT**
epithelium (Figure 3B).

Examination of genes associated with epithelial differentiation
revealed that luminal genes and various hormone-related
genes including progesterone and estrogen beta receptors
(PGR, ESR2) (Table S4) were downregulated in BRCA1™Y *
cells, while genes associated with progenitor or basal cells
were upregulated (Figure 3A; Table S4). We confirmed these
differences in differentiation by using semiquantitative immuno-
histochemistry (Allred scoring metric, see Experimental Pro-
cedures) applied to disease-free prophylactic mastectomy
tissues obtained from BRCA1™“* carriers and age-matched
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Figure 1. Generation of Human Breast Tumors In Vivo

(A) Schematic depiction of the experimental strategy used to generate human breast tumors with limited ex vivo culturing.

(B and C) Tumor incidence table and GFP whole mount of unsorted breast epithelial cells infected with a GFP control virus or cells infected with the four
oncogenes infected with GFP-containing viruses (constructs encoding K-ras and p53). Scale bars represent 5 mm.

(D) Immunoperoxidase staining of tumors for p53, cyclin D1, pAKT, and express K-ras by RT-PCR. Scale bars represent 100 pm.

(E) Tumor histopathology. Tumors generated from unsorted cells have a mixed phenotype, with areas that have characteristics of basal-type tumors including
squamous appearance and immunoreactivity for cytokeratin 14 (CK14), vimentin (VIM), and p63, as well as areas of luminal phenotype that have a papillary
growth pattern and reactivity for cytokeratins 8/18 (CK18), 19 (CK19), and estrogen receptor (ER). Scale bars represent 100 um.

See also Figure S1.

reduction mammoplasty tissues from BRCAT** noncarriers. cells in 88% of BRCA1™* tissues compared to only 11% of
Consistent with the microarray results, progesterone receptor BRCAT7*/* breast tissues (Allred score > 5, p < 0.001) (Figure 3C;
(PGR) expression was significantly reduced in luminal epithelial Table S5). In addition, trefoil factor 3 (TFF3), which is also
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Figure 2. Human Breast Tumors Derived from BRCA1™“"+ Epithelial Cells Exhibit Enhanced Features of Basal Differentiation

(A) Epithelial cells derived from morphologically normal prophylactic mastectomy tissues from BRCA1™* carriers form tumors in mice after infection with p110/
CycD1/p53R175H/KRas lentiviruses. Scale bars represent 2 mm.

(B) Similar expression levels of p53, cyclin D1, pAKT, and K-ras in BRCAT™* and BRCA1*'* tumors. Scale bars represent 100 ym. Error bars represent
average + SD; p values calculated by t test.

(C) BRCA1™*+ tumor histopathology. Immunoperoxidase staining of tumors for breast epithelial characteristics (ER and pan cytokeratin) as well as basal-like
tumor features (CK14, vimentin: VIM and p63). Scale bars represent 100 um.

(D) Heat map of hierarchical clustering of microarray data from tumors (n = 4) arising from BRCA1*/* epithelium and tumors (n = 4) arising from BRCA1™"* epithe-
lium.

(E) GSEA analysis indicates that the clustering is in part due to increased expression of genes associated with basal differentiation and with the basal-like breast
cancer centroid.

Error bars represent average + SD; p values calculated by t test. See also Tables S1-S3.
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associated with mature luminal differentiation, was nearly absent
in 88% of BRCAT™Y* tissues compared to only 36% of
BRCA1** tissues (Allred score < 4, p < 0.0398; Figure 3C; Table
S5). In contrast, 88% of BRCA1™* tissue samples exhibited
moderate-to-high expression of the basal marker vimentin
compared to 16% of BRCAT*"* tissues (Figure 3C; Table S5;
p < 0.086).

We next used flow cytometry to assess the proportion of
lineage-committed and progenitor epithelial cells in breast
tissues. Cells expressing CD24 or high levels of EpCAM (ESA)
enrich for cells of the luminal lineage, whereas cells expressing
high levels of CD49f enrich for cells of the myoepithelial (ME)/
basal lineage (Villadsen et al., 2007; Shipitsin et al., 2007). Anal-
ysis of reduction mammoplasty breast tissues from BRCA1**
patients identified four populations of epithelial cells: EpCAM"/
CD49f~ mature luminal cells, EpCAM"/CD49f* luminal progen-
itor cells, EpCAM'®"/CD49f" basal/myoepithelial (ME) cells,
and EpCAM~/CD49f* basal progenitor cells (Figure 3D; Fig-
ure S2; Keller et al., 2010; Lim et al., 2009; Eirew et al., 2008).

Analysis of prophylactic mastectomy tissues from BRCA1™+
(<50 year) tissues also identified four populations of epithelial
cells but revealed a statistically significant increase in the
proportion of EpDCAM~/CD49f" basal progenitor cells (p < 0.04;
Figure 3D) and an appreciable but not statistically significant
decrease in the number of EpCAM"/CD49f* luminal progenitor
cells. These results indicate that BRCAT™* tissues exhibit
luminal and basal epithelial cell differentiation defects prior to
any evidence of cancer.

Characterization of Progenitor Cells

from BRCA1-Mutation Carriers

We next evaluated progenitor activity of mammary epithelial
cells obtained directly from breast tissues. We employed mam-
mosphere (Dontu et al., 2003) and adherent colony-formation
(Stingl et al., 2001) assays to assess breast progenitor activity,
and we evaluated whether they arose from luminal-committed,
basal/ME-committed, or bipotent progenitors by staining for
the differentiation markers CK14 and CK8/18. We found no
significant differences in the formation of primary mammo-
spheres, suggesting that the total number of stem/progenitor
cells may not differ between BRCA1** and BRCA1™* tissues
(Figure S3). In addition, there was no significant difference in the
distribution of CK8/18* and CK14* cells within both BRCAT*/*
and BRCA1™* mammospheres (Figure S3).

Under adherent conditions, we found that human breast
epithelial cells generated spherical colonies that grew in suspen-
sion as well as adherent colonies that grew on plastic (Figure 3E;
Figures S3). Although we did not observe a statistically signifi-
cant difference in the number of adherent progenitor colonies
arising from BRCA1™"* cells, we did observe that spherical
luminal colonies derived from BRCAT1™Y* cells expressed
significantly higher levels of the basal maker CK14 in comparison
to colonies from BRCA1*/* cells that were more uniformly CK8/
18 positive (Figure 3E).

We also assessed the in vivo outgrowth competency of
progenitor cells from BRCA1™¥* and BRCA1*"* cells. By using
the humanized cleared fat pad system, we found that BRCA1*/*
cells generated mature bilayered ductal/acinar outgrowths,
which contained an inner luminal layer of epithelial cells that
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stained predominantly for CK8/18 and 19, and an outer myoepi-
thelial layer that stained for the basal/ME marker CK14 and SMA.
In contrast, BRCAT™"* cells gave rise primarily to immature
ductal/acinar outgrowths that exhibited a significant increase
in bipotent luminal cells that expressed both CK19 and CK14
and to a lesser degree CK8/18 and CK14 (Figure 3F; Figure S3).
Taken together, these results reveal that luminal progenitor cells
from BRCA1™* tissue exhibit defects in full maturation and
differentiation and retain features of basal differentiation.

Luminal Cells Give Rise to Tumors
in BRCA1-Mutation Carriers
We next wanted to determine whether the increased basal
differentiation observed after neoplastic transformation of
BRCA1™* cells was due to the increased numbers of EpCAM ™
basal cells or to the increased basal differentiation state of
luminal progenitor cells. Accordingly, we enriched for either
luminal (EpCAM*) or basal/ME (CD10™) cells (Figure 4A) prior to
lentiviral infection and injection into the mammary fat pad.
Each subpopulation was isolated from breast tissues to
>90% purity, as gauged by immunofluorescence (Figure 4B).
The CD10* subpopulation was enriched for basal/ME CK14*
cells, but CK14" cells were depleted from the CD10 /EpCAM*
fraction (Figure 4C). Conversely, CK8/18* luminal cells were
enriched in the CD107/EpCAM* fraction compared to the
CD10* and parental unsorted populations (Figure 4C).
Basal/ME-enriched (CD10%), luminal/progenitor-enriched
(CD10"/EpCAM™), and marker-depleted (CD10~/EpCAM ") cells
were infected with the p53R175H, CCND1, PISKCA, and
RasG12V oncogenes and injected into humanized murine
mammary glands. The luminal-enriched CD10 /EpCAM™* frac-
tion consistently formed tumors with growth kinetics, frequen-
cies, and histopathology similar to tumors arising from unsorted
cells from either BRCA1™¥*- or BRCAT1**-derived tissues
(Figures 4D and 4E). Thus, basal/ME (CD10*) or depleted
(CD107/EpCAM") cells from either BRCAT™Y* or BRCA1**
breast epithelial cell populations were not preferentially trans-
formed with this combination of oncogenes. Rather, these
results indicate that the target cell for transformation probably
resides within the luminal EpCAM*/CD10~ population. Collec-
tively, these results imply that the increased basal phenotype
of BRCAT-associated tumors results from the pre-existing
increased basal differentiation state of the luminal progenitor
population.

Slug Suppresses Breast Progenitor Cell
Lineage Commitment
To investigate the mechanism by which BRCAT mutation affects
progenitor cell differentiation, we classified the breast epithelial
gene-expression signature described above based on signaling
pathways that were differentially expressed in BRCA1™* cells.
Remarkably, the most significantly represented signaling path-
ways identified in BRCA1™"* breast epithelial signature were
the Wnt, Notch, and melanogenesis pathways (Figure S4).
Notably, the transcriptional repressor Slug, which is an estab-
lished regulator of melanocyte development, is a downstream
target of both Wnt and Notch signaling (Niessen et al., 2008;
DiMeo et al., 2009). This connection prompted us to examine
Slug expression in breast epithelial tissues and cells harboring
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mutations in BRCA1. We did not find differences in SLUG mRNA
expression, consistent with the microarray data, but we
did observe abundant Slug protein in 87% of disease-free
BRCA1™* prophylactic mastectomy tissues, while its expres-
sion was reduced in tissues from reduction mammoplasty
BRCAT1*'* tissues (Allred score > 1, p < 0.01) (Figure 5A).

Because Slug is a transcriptional repressor, we next investi-
gated whether Slug expression might be affecting breast
progenitor lineage commitment and differentiation. Because
serum addition can promote cellular differentiation of immortal-
ized human mammary epithelial cells (HMECs), which are
a model for bipotent breast progenitor cells (Keller et al., 2010;
Zhao et al., 2010), we treated HMECs from patient-derived
BRCAT1** and BRCA1™* tissues with serum and assessed
epithelial differentiation. Treatment of BRCA1** HMECs with
serum resulted in luminal differentiation, as measured by an
increase EpCAM*/CD24* cells as well as increased CD24
expression and increased CK8/18 expression (Figure 5B, data
not shown). However, addition of serum to BRCA1™Y* HMEC
cells failed to induce complete differentiation, consistent with
defects in luminal lineage competency (Figures 5B and 5C).
Luminal differentiation was accompanied by a reduction in
Slug protein level in both BRCA1™"* and BRCA1"* cells,
although the overall reduction was somewhat reduced in
BRCA1™* cells (Figure 5C).

To investigate whether Slug directly represses breast epithelial
lineage commitment and differentiation, we used lentiviral-medi-
ated short hairpin inhibition of Slug expression in primary
prophylactic mastectomy cells isolated from three different
patients with deleterious BRCAT mutations. Slug knockdown
led to a reduction in the proportion of EpCAM ~/CD49f" progen-
itor cells and a concomitant increase in the proportion of
EpCAM®*, CD44", and CD24" luminal cells (Figure 5D; Figure S5).
Furthermore, expression of the basal marker vimentin was
greatly reduced, while expression of the luminal marker CD24
was increased (Figure 5C; Figure S5). We also examined
the effects of Slug inhibition in immortalized HMECs derived
from BRCA1™"+ patients. As with primary cells, inhibition of
Slug resulted in a decrease in the numbers of EpDCAM~/CD49f*

basal progenitor cells and an increase in the numbers of
EpCAM™ luminal cells (Figure 5E). Given these findings, we
also examined whether inhibition of Slug might also affect
luminal differentiation in BRCA1*"* cells. Indeed, inhibition of
Slug in BRCAT1*"* cells also led to a reduction in the proportion
of EpCAM™/CD49f* basal progenitor cells and an increase in
luminal cells. Taken together, these findings indicate that Slug
is a regulator of human breast progenitor cell lineage commit-
ment and that its expression suppresses luminal differentiation.

BRCA1 Regulation of Slug Protein Stability
To examine whether BRCA1 regulates Slug expression, we used
short interfering RNAs (siRNA) to inhibit BRCA1 expression in
human breast MCF10A cells, which express wild-type BRCA1
(Elstrodt et al., 2006). Quantitative RT-PCR and western blotting
confirmed knockdown of transcript and BRCA1 protein expres-
sion (Figure 6A). Knockdown of BRCA1 by siRNA led to a modest
but highly reproducible 2-fold increase in Slug protein expres-
sion, in the absence of increased mRNA expression (Figure 6A).
These results suggest that loss of BRCA1 may lead to increased
Slug protein expression by a posttranslational mechanism. We
therefore examined the stability of Slug protein in cells after
siRNA inhibition of BRCA1 as well as in cells with mutations in
BRCA1. We confirmed that Slug protein was highly unstable in
the BRCAT*"* MCF10A cells (Figures 6B and 6C). BRCAT™!
cells (SUM149, SUM1315) and siBRCA1-MCF10A cells were
collected at regular time intervals subsequent to cyclohexamide
(CHX) treatment and subjected to western blot analysis.
Whereas Slug protein levels were turned over in siControl-
MCF10A cells, Slug protein was still detected up to 6 hr after
CHX treatment in siBRCA1-MCF10A cells and in cancer lines
harboring mutations in BRCA1 (Figure 6C). Importantly, the
difference in stability noted in Slug protein in BRCA1™!
SUM149 and SUM1315 cells was not due to a defect in protea-
some activity, as indicated by the fact that cyclin D1 protein was
still degraded. Taken together, these results indicate that BRCA1
regulates Slug protein stability.

To begin to understand the mechanism involved, we looked at
whether the ubiquitin ligase function of BRCA1 might be

Figure 3. BRCA1™ "+ Breast Epithelial Cells Exhibit Defects in Lineage Differentiation

(A) Heat map of hierarchical clustering of microarray data from epithelial cells isolated from BRCAT** breast patient samples (n = 4) and BRCAT™* patient
samples (n = 4).

(B) Gene ontology biological process categories associated with BRCA1™* breast epithelial cells. The DAVID Functional Annotation Tool was used to define
categories with an enrichment score >1.5, and the number of genes represented in the list and the p value of genes differentially expressed in the microarray are
shown.

(C) Immunoperoxidase staining of normal human breast tissue from BRCA7*/* and BRCA1™"* carriers with luminal-specific trefoil factor 3 (TFF3) and proges-
terone receptor (PGR) and basal-specific vimentin (VIM) antibodies. Scale bars represent 100 um. Immunohistochemistry for TFF3, PGR, and VIM was performed
on age-matched BRCAT** (n = 13) and BRCA1™* (n = 10) disease-free breast tissues. Differences in staining were observed primarily in lobules, not ducts.
(D) Freshly dissociated, uncultured epithelial cells from age-matched (<50 years) BRCA1** (n = 10) and BRCA1™"* (n = 7) patients were analyzed for EpCAM and
CD49f expression by flow cytometry. Representative dot plots of a BRCAT** or BRCA1™"* patient are shown.

(E) Human breast epithelial cells produce small (~30-50 um) luminal suspension spheres when grown under adherent conditions (indicated by arrows). Cytospun
spheres were stained for CK8/18 (red) and CK14 (green). Scale bars represent 100 um. CK14 content in spheres was scored as described in Experimental Proce-
dures. At least 30 spheres were scored for each patient sample. The average scores from three BRCA1** and BRCA1™"* patient samples are shown in the
graph.

(F) Acinar structures from patient-derived BRCAT*/* (n = 4) and BRCA1™* patient (n = 4) cells infected with GFP lentivirus to visualize outgrowth and grown in the
HIM model. Tissue outgrowths were double stained for CK14 and CK8/18 or CK19 (representative photos, top). The staining was characterized as mature (CK14*
basal/ME layer and CK8/18 and/or CK19" luminal layer), immature (CK14" basal/ME layer and CK14 and CK8/19 and/or CK19* luminal layer), or other (CK14 only,
CK8/18/19 only, etc.). The average number of the three categories of structures are shown in the graph (n > 85 acini).

Error bars are +SEM and p values were calculated by two-tailed t test. See also Figures S2 and S3 as well as Tables S4 and S5.
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Figure 4. EpCAM* Luminal Cells Are Able to Recapitulate Tumor Growth

(A) Flow chart describing sorting scheme.

(B) Assessment of the purity of cells after magnetic bead sorting. Quantification of double staining for the luminal marker CK8/18 and the basal marker CK14 after
sorting indicates that the sorting strategy depletes cells positive for these markers. Secondary antibody labeling of immunocomplexes on bead-released sorted
cells indicates purity of the fractions.

(C) CK14 immunofluorescence (IF) staining and quantification of sorted fractions indicates basal cell enrichment in the CD10* fraction and depletion in the CD10~/
EpCAM* fraction. CK8/18 IF staining of sorted fractions indicates luminal cell depletion in the CD10* fraction and enrichment in the CD10~/EpCAM* fraction.
(D and E) Sorted epithelial cell fractions infected with identical oncogenes differ in their ability to form tumors. GFP whole-mount micrographs of tumor outgrowths
of sorted and infected breast epithelial cells from the four different fractions. BRCA7** tumor data are compiled from three separate experiments with two
different patient samples. Unsorted (n = 14), CD10* (n = 4), CD10 /EpCAM™ (n = 6), Depleted (n = 8). BRCAT™¥* tumor data are compiled from two experiments
with one patient sample. BRCA1™* Unsorted (n = 8), CD10* (n = 1), CD10"/EpCAM* (n = 4), Depleted (n = 4).

Error bars are +SEM and p values were calculated by two-tailed t test.
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Figure 5. Slug Suppresses Breast Epithelial Differentiation and Lineage Commitment

(A) IHC staining of PM and RM tissues for Slug protein; staining was quantified by Allred scoring (see Supplemental Experimental Procedures). Scale bars repre-
sent 100 pm.

(B) Flow cytometry analysis of CD24 expression in immortalized BRCA1*"* and BRCA1™* epithelial cells derived from four different patient tissues after serum-

induced differentiation.

(C) Slug protein expression in immortalized BRCA1** and BRCA1™-/* epithelial cells derived from patient breast tissues after serum-induced differentiation.
Quantification of fold reduction in Slug protein expression upon serum treatment from three different experiments (p = 0.24).

(D) Flow cytometry analysis of EpCAM and CD49f expression in patient-derived breast epithelial cells from breast tissues of three different BRCA1™/* patients

after Slug knockdown.
(E) Flow cytometry analysis of EpCAM and CD49f expression in patient-derived breast epithelial cells from immortalized BRCA1™"* epithelial cells derived from

BRCA1™* tissues after Slug knockdown.
Error bars are +SEM and p values were calculated by two-tailed t test. See also Figures S4 and S5.

Cell Stem Cell 8, 149-163, February 4, 2011 ©2011 Elsevier Inc. 157



A & K
‘@Q *Q?G msiCntrl
e o o 61 msiBRCA1
2
©
~
o
il
&
hel
I
©
E
(s}
Z02
052 1.05 041  BROAT SLUG
MCF10A BRCAT"*
B
Q & O
S
PSP OIS EOMEFA N PP
SUM1315 BRCATMU
(NI L
4\@0 ,,JQ"Q \‘é q:é 'b‘é u‘\& fb‘\& Q®
Cyclin D1 weee il S B o8 Sl S W
SUM149 BRCA7Mut
Q RS o_,o
/\\<°° ,50@ NS S N S
B-actin
Cyclin D1
C siControl SIBRCA1
Q,Q < < ®° & & &
S \
OSSR ISENENESNES

Figure 6. Loss or Mutation of BRCA1 Promotes Increased Slug
Protein Stability

(A) Loss of BRCAT leads to increased Slug protein but not mRNA expression in
MCF10A cells. gRT-PCR and western blot analysis of BRCA1 and Slug
expression in BRCAT1** MCF10A cells transfected with siBRCA1 or siControl.
gRT-PCR data was normalized to GAPDH and to siControl. Error bars
are +SEM.

(B) BRCAT*'* (MCF10A) and BRCA1™! (SUM1315, SUM149) cells were
treated with cycloheximide (CHX) to prevent further protein synthesis at
indicated time intervals. Western blot analysis demonstrates that Slug protein
is highly unstable in MCF10A cells whereas it had a significantly longer half-life
in SUM149 and SUM1315 cells. Cyclin D1 and Actin were used as controls.
(C) BRCA1*"* (MCF10A) were transfected with siBRCA7 or siControl and
treated with cycloheximide (CHX) to prevent further protein synthesis at
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important in regulating Slug protein stability. BRCA1 associates
with the BRCA1-associated RING domain-1 protein (BARD1) to
form a heterodimer with ubiquitin E3 ligase activity. Therefore,
we examined whether BARD1 knockdown might also result in
increased Slug protein stability. We used siRNAs to inhibit
BARD1 expression in human breast MCF10A cells and collected
cell lysates at regular time intervals after cyclohexamide (CHX)
treatment. Although BARD1 protein was inhibited to nearly unde-
tectable levels, Slug protein stability was similar to that of control
cells, indicating that the ubiquitin-ligase functions of BARD1 was
probably not regulating Slug protein stability (Figure S6). We next
examined direct interactions between BRCA1 and Slug proteins.
However, coimmunoprecipciaton of Slug with BRCA1 failed to
demonstrate an interaction (Figure S6), although we did observe
interaction between BRCA1 and BARD1. Further studies will be
needed to determine which BRCA1 functions are involved in
regulating Slug protein stability.

Slug Regulation of Basal-like Breast Cancer Phenotype
To assess the role of Slug in basal-like breast cancer phenotype,
we first examined its expression in sporadic and BRCA1-associ-
ated breast tumor tissues. Slug protein was preferentially
expressed in ER-negative tumors derived from BRCA1-mutation
carriers as well as ER-negative sporadic breast cancers, but its
levels were higher in BRCAT-associated breast cancers (p <
0.007) (Figure 7A). Furthermore, Slug protein was expressed in
cell lines derived from basal-like breast cancers and elevated
in cancer cell lines that harbored mutations in BRCA1
(Figure 7B).

To determine whether Slug is necessary for regulating the
basal-like tumor phenotype, we used lentiviral-mediated short
hairpin inhibition of Slug in breast cancer cells derived from
primary patient BRCA1™" breast cancers. We found that shSlug
reduced endogenous Slug mRNA levels between 40% and 80%
in BRCAT™!' SUM149 and SUM1315 cancer cell lines and
reduced protein to nearly undetectable levels (Figure 7C). Slug
inhibition resulted in a ~6-fold reduction in the proportion of
CD44*/CD24~ stem-like basal cells in SUM149 and a ~4-fold
increase in the proportion of CD44~/CD24™ luminal cells, consis-
tent with increased luminal differentiation and reduced basal/
stem-like differentiation (Figure 7C). Similarly, reducing Slug
expression in BRCA1™ SUM1315 cells increased the propor-
tion of CD24" luminal cells by nearly 3-fold (Figure S7). We
also performed quantitative mRNA expression profiling by using
a custom gRT-PCR array targeting 86 genes associated with
basal/ME, luminal, or stem cell differentiation (Table S6). Consis-
tent with the changes observed by flow cytometry, inhibition of
Slug resulted in upregulation of luminal genes in tumor cells
including CK19, CK8, E-cadherin, MUC1, CD24, and TFF3,
and repression of basal, mesenchymal, and stem cell genes in
both SUM149 and SUM1315 lines (Figure 7D).

To further demonstrate the role of Slug in the development of
basal-like breast cancers in BRCAI1™"* cells, mammary

indicated time intervals. Western blot analysis demonstrates that Slug protein
is turned over in siControl MCF10A cells whereas it remained expressed in
siBRCA1 MCF10A cells.

See also Figure S6.
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epithelial cells from disease-free prophylactic mastectomy
tissues from three different BRCA 1™+ patients were trans-
duced with lentiviruses harboring oncogenes used in the crea-
tion of human breast cancers in vivo with or without targeting
Slug expression. Patient-derived BRCA1™¥* cells expressing
shSlug showed increased expression of genes associated with
luminal tumors including CK19, CK8, MUC1, EpCAM, and
TFF3 with concomitant repression of many genes associated
with basal-like breast cancers including SPARC, SERPINE,
CD44, CK14, CK5, CK17, and vimentin compared to control
patient-derived BRCA1™* cells (Figure 7E).

Finally, to demonstrate the connection between Slug expres-
sion and BRCAT mutation before transformation, we examined
whether the genes that were induced upon Slug inhibition were
differentially expressed based on BRCAT status in disease-free
tissues (Slug Gene Set, Table S3). We used GSEA to evaluate the
expression of these Slug transcriptional targets in BRCA1™“/*
epithelium from four different patient samples. Six out of eight
Slug target genes were repressed in BRCA1™"* cells relative
to BRCAT** cells (Figure S7), yielding significant enrichment
by GSEA (p < 0.0207). Collectively, these results show that upre-
gulation of Slug inhibits luminal lineage commitment and
increases the propensity for the formation of basal-like breast
tumors.

DISCUSSION

A fundamental difference between breast cancers arising in
BRCA1-mutation carriers compared to sporadic cancers is their
tendency toward a basal subtype. By using an in vivo model that
minimized cell culture, we were able to create human breast
cancers that recapitulated many features of clinically relevant
tumors to validate the previously untested idea that the predis-
position for basal-like tumors in BRCA17-mutation carriers arises
from perturbations in breast epithelial differentiation caused by
compromised BRCA1 function (Foulkes, 2003). Our results
show that breast epithelial cells isolated from BRCA17-mutation
carriers preferentially form tumors with increased basal differen-
tiation compared to cells isolated from noncarrier tissues. In
addition, we found that EpCAM*/CD10~ luminal cells from both
BRCAT1** and BRCA1™"* tissues enriched for tumor-forming
ability in this model system, but that the latter exhibited
increased features of basal differentiation prior to transforma-
tion. However, since basal progenitor cells were also expanded
in disease-free breast tissues from BRCA1™"* tissues, it is
possible that these cells might also serve as targets of neoplastic
transformation in patients. Nevertheless, our findings are consis-
tent with the notion that tumor phenotype can be significantly
impacted by the pre-existing differentiation state of the normal
precursor (“cell of origin”) targeted for neoplastic transformation
(Gupta et al., 2005; Ince et al., 2007). However, since mutations
in asingle allele of BRCA1 can alter the differentiation potential of
the same cellular targets of transformation, leading to tumors
with different phenotypes, this indicates that the initiating
genetic mutation (“mutation of origin”) is a critical factor in
defining tumor subtype. Future studies will be needed to deter-
mine whether other combinations of cooperating oncogenes
give rise to BRCA1-associated basal-like tumors in basal/ME
cells and whether mutations in other tumor-suppressor genes
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or oncogenes also affect the differentiation potential of progen-
itor cells that drive tumor phenotypes.

Although we have not excluded the possibility that LOH of the
wild-type BRCAT1 allele is necessary for basal-like tumor forma-
tion, tumors in this model system were driven by ectopic onco-
genes, suggesting that LOH was not necessarily a rate-limiting
step. Furthermore, LOH is a stochastic event in BRCA1™/*
patients, affecting the mutant or wild-type alleles with similar
frequencies (Clarke et al., 2006). Because the analysis of prophy-
lactic mastectomy tissues showed differentiation defects in
significant proportions of the breast tissue, this suggests that
LOH was probably not responsible for the perturbations in breast
epithelial differentiation or basal tumor phenotype. Our findings,
combined with those of others (Burga et al., 2009; Lim et al.,
2009) indicate that haploinsufficiency of BRCAT affects breast
epithelial differentiation and progenitor cells in patients.

The present study also provides several additional lines of
evidence that breast epithelial differentiation is altered in the
presence of BRCA1 mutations. First, genes involved in epige-
netic functions including DNA transcription and chromatin modi-
fication are overrepresented in the transcriptional signature of
BRCA1 mutant cells. Interestingly, many of the upregulated
genes are involved in the establishment and/or maintenance of
chromatin structure, including demethylases, methyltrans-
ferases, histones, acetyltransferases, and several components
of the ubiquitin pathway. These observations are consistent
with the idea that BRCA1 mutations affect large-scale chromatin
unfolding (Ye et al., 2001), underscoring its role as an integral
component of multiprotein complexes that modulate gene
expression (Narod and Foulkes, 2004).

Second, the distinct transcriptional profile of BRCA cells
may reflect activation of signaling pathways associated with
progenitor/basal cells, increased basal differentiation, and
decreased luminal differentiation. Previous results suggest that
a reduction in BRCA1 leads to a failure of luminal lineage
commitment and increased expansion of an uncommitted
progenitor EpCAM™ population (Liu et al., 2008). Consistent
with this observation, we found that BRCA1™* breast tissue
exhibited an increase in the proportion of EpCAM~/CD49f* basall
progenitor cells. However, in contrast to other findings (Lim et al.,
2009), we did not find an expansion of EpCAM*/CD49f* luminal
progenitor cells in BRCA1™* breast tissues, although we did
observe defects in luminal progenitor differentiation. This differ-
ence might reflect the genetic differences between the BRCA1
patient populations in the two studies. Nonetheless, overall
these studies reinforce the idea that BRCA1 is a critical regulator
of breast epithelial progenitor lineage commitment.

All of the BRCA1-mutation carrier samples used in this study
harbored frameshift mutations that compromise at a minimum
the C-terminal BRCT domain (Figure S2), which could destabilize
protein-protein interactions between BRCA1 and its C-terminal
binding partners. However, the overall levels of BRCA1 expres-
sion were surprisingly not affected. In addition, perturbations in
differentiation and increases in Slug expression could be de-
tected without changes in BRCA1 levels, implying that the
effects of BRCA1 mutation may be at the level of protein-protein
interactions rather than overall BRCA1 expression. Consistent
with this notion, reduction of BRCA1 in MCF10A cells by RNA
interference impaired differentiation and could be rescued by

1mut/+
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Figure 7. Slug Regulates Breast Cancer Phenotype in BRCA17-Mutat