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Abstract. Background: We previously developed a mouse
model of breast cancer that mimics human triple-negative
breast cancer (TNBC) by inactivating the Retinoblastoma
(Rb), Transformation related protein 53 (p53), and Breast
cancer 1 (Brcal) pathways in the mammary gland. Despite
inactivation of all three tumor suppressors throughout the
epithelium, low tumor multiplicity indicated that malignant
carcinoma progression requires additional oncogenic stimuli.
Materials and Methods: In order to identify collaborating
genetic events, we performed integrated analysis of 18
tumors (eight tumors with inactivation of pRbf/Brcal/p53
and ten tumors with inactivation of pRbfIp53) using
comparative genomic hybridization and global gene
expression. We then conducted flow cytometric analysis,
immunostaining, tumorsphere, and cell viability assays.
Results: Copy number aberrations were correlated with the
transcript levels of 7.55% of genes spanned by the altered
genomic regions. Recurrent genomic losses spanning large
regions of chromosomes 4 and 10 included several cell death
genes. Among the amplified genes were well-known drivers
of tumorigenesis including Wingless-related MMTV
integration site 2 (Wnt2), as well as potentially novel driver
mutations including the Late cornified envelope (LCE) gene
family. These tumors have a stem/luminal progenitor
phenotype and active [3-catenin signaling. Tumorsphere
formation and cell survival are suppressed by Wnt pathway
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inhibitors. Conclusion: Our novel mouse model mimics
human TNBC and provides a platform to triage the pathways
that underlie malignant tumor progression.

Breast cancer remains the most prevalent form of cancer
among women, accounting for over 39,000 deaths in the
USA in 2012 (1). Systematic genomic surveys of tumors
continue to expand the list of genes that are mutated, lost, or
amplified in cancer. An important but complex task is
defining the biological and clinical relevance of these genetic
alterations, since a major goal of personalized medicine is to
tailor treatments to the specific molecular changes in an
individual’s tumor. However, our ability to identify mutations
has far outpaced our understanding of the relative impact of
these events. Genetically engineered mouse models provide
an experimental platform to address this challenge, since one
route to prioritizing these efforts is identifying paralogous
mutations in engineered mice that closely mimic the salient
features of human cancer (2).

We previously generated a novel mouse model of triple
negative breast cancer (TNBC) by inactivating the
Retinoblastoma (Rb), Transformation related protein 53
(p53), and Breast cancer 1 (Brcal) pathways in mammary
epithelium (3) because these tumor suppressors are
frequently perturbed in the most aggressive forms of the
disease. The mice developed highly aggressive, metastatic
adenocarcinomas that exhibited global gene expression
signatures similar to human basal-like and claudin-low
subtypes of breast cancer. Basal-like and claudin-low breast
cancers are two TNBC molecular subtypes that are defined
by their transcriptional profiles (4). The biological relevancy
of the mouse models is underscored by the discovery of the
claudin-low subtype (5), which was originally defined in a
cross-species genomic comparison between human and
mouse breast cancers.

Here, we report our integrative comparative genomic
hybridization (CGH) and gene expression analysis of tumors
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derived from our novel mouse model. Our motivation to
perform a joint analysis of gene expression and copy number
data derives from the expected correlation between genomic
copy number and gene expression levels, as genomic loss
should reduce expression levels, while increased copy
number should lead to greater gene expression levels. We
postulate that genes that meet these criteria are more likely
drivers of tumorigenesis than merely bystander mutations.
Support for this hypothesis comes from our identification of
well-known oncogenic mutations.

To identify potential collaborating genetic events, we
analyzed the genomic data we previously generated (3) from
18 mouse mammary tumors (eight tumors with inactivation
of prf/Brcal/pSS and ten tumors with inactivation of
pRb¢p53) using comparative genomic hybridization and
global gene expression. From these bioinformatics analyses
the Wnt/B-catenin/TCF signaling axis emerged as a
candidate pathway that shaped the biology of these tumors.
Therefore, we initiated an experimental validation of the role
of Wnt/B-catenin/TCF signaling. We conducted flow
cytometric analysis, immunostaining, tumor-sphere, and cell
viability assays to examine the impact of Wnt/B-catenin/TCF
signaling on the tumor biology. Novel genes identified
through this approach may provide further insights into the
mechanisms that underlie breast cancer evolution and
potentially point to new therapeutic avenues.

Materials and Methods

Ethics statement. This study was executed in strict adherence to the
recommendations in the Guiding Principles in the Care and Use of
Animals approved by the Council of the American Physiological
Society. The mice were always treated humanely under the guidance
of an expert in this field.

TBP Mouse tumor samples. Tumor specimens for the validation
studies were obtained from TgMFT,,;; T¢WAP-Cre; Brcalff, p53/f
mice that are maintained in our mouse colony and genotyped by
PCR using previously published protocols (3). Tumorigenesis is
initiated in female mice by pregnancy-induced WAP-Cre transgene
expression.

Bacterial artificial chromosome (BAC) annotations. We revised the
mapping annotations of the University of California, San Francisco
mouse genomic array (GEO GPL9906). Firstly, we determined the
ends of the BACs spotted on the array by querying the clone names
against University of California Santa Cruz (http://genome.ucsc.edu/)
and National Center for Biotechnology Information databases (Build
37). Of the clones with defined BAC endpoints, most had been fully
sequenced. For the 383 clones (17%) without known BAC end
sequences, we approximated their length as equal to the average
length of the 1,833 (83%) clones with definitive BAC end points
(212 kb).

Integrative CGH and gene expression analysis. Using algorithms
implemented in BRB-CGH Tools (Richard Simon, Biometric
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Research Branch-National Institutes of Health), we analyzed CGH
(GEO GSE40925) and mRNA expression data (GEO GSE34479) of
18 tumors that we previously reported (3). Copy number data were
segmented with the improved circular binary segmentation
algorithm (6) and we generated a frequency plot with a threshold
based on the segmentation log, ratios. The threshold log, ratio for
amplifications and homozygous deletions was +0.2, and the gain
and loss threshold was +0.1. We used the Genome Identification of
Significant Targets in Cancer (GISTIC) to identify regions with
frequent DNA copy number gains and losses (7). For the integrated
analysis of copy number aberration (CNA) and expression data, we
used the Pearson’s correlation method with a cut-off p-value of 0.05.
We used BRB ArrayTools to generate a heat map of -catenin-
modulated genes (8).

Pathway analysis. We used the FatiGO tool implemented in the
Babelomics 4.3.0 integrative platform (babelomics.bioinfo.cipf.es)
with parameters set for the Fisher’s exact two-tailed test to
determine the enriched Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways among the differentially expressed genes
determined by BRB-CGH Tools. We also used the BRB-CGH Tools
to find significant BioCarta pathways enriched for gains and losses
with a threshold p-value of 0.05.

Flow cytometric analysis. Flow cytometric analysis was carried out
using FlowJo (Tree Star, Inc., Ashland, OR, USA) and the following
antibodies from BioLegend, San Diego, CA, USA unless otherwise
noted: 0.25 pg/ml CD49f-APC (GoH3), 5 pg/ml CD24-Pacific Blue
(M1/69), CD61-PE (2C9.G2), and lineage (Lin) markers Ter-119-
PE, CD31-PE (MEC13.3), and CD45R-PE (RA3-6B2). Cells were
suspended in the hemochromatosis gene at 5x106/ml, and incubated
with the indicated antibodies as well as 7-aminoactinomycin D (7-
AAD; BD Biosciences, San Jose, CA, USA) for 45 min on ice.
Cells were washed thrice in 0.5% bovine serum albumin in
phosphate buffered saline, and kept on ice. Live single cells (fixed
FSC-A/FSC-W ratio; 7-AAD negative) were gated for analysis.
Enrichment for mammary epithelial cells and their flow cytometry
was performed using APC-CD49f and Pacific Blue-CD24.

Immunostaining. Immunohistochemical analysis was carried on
formalin-fixed paraffin sections. Antigen retrieval was achieved by
boiling the slides in citrate buffer pH 6.0 (Zymed, South San
Francisco, CA, USA) for 15 min. We used antibodies directed
against B-catenin (E-5, SC-7963; Santa Cruz Biotechnology, Dallas,
TX, USA) and keratin 6 (PRB-169P; Covance, Princeton, NJ, USA).
Detection for all antibodies was performed using the Vector ABC
Elite kit (Vector Laboratories, Burlingame, CA, USA). All
immunofluorescence reactions were carried out using AlexaFlour-
conjugated secondary antibodies (AlexaFluor 488 and 594;
Molecular Probes, Thermo Fisher Scientific Inc., Waltham, MA,
USA). Slides were counterstained with 4’,6-diamidino-2-
phenylindole (DAPI) and mounted using Hardset Mounting Media
(Vector Laboratories, Burlingame, CA, USA).

Tumorsphere assay. Primary mammary tumors were mechanically
minced and digested as previously described (9, 10). Briefly, tumors
were sequentially digested at 37°C in 300U/ml collagenase (Gibco,
Thermo Fisher Scientific Inc., Waltham, MA, USA) plus 100 U/ml
hyaluronidase (Sigma-Aldrich, St. Louis, MO, USA) for 2 hours,
0.25% trypsin (Gibco) for 2 minutes, and 5 mg/ml Dispase II
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Figure 1. Summary of frequent copy number aberrations. On each of twenty chromosomes, red lines above indicate statistically significant (p<0.05)
amplifications and gains, and blue lines below indicate losses and homozygous deletions. Potential key oncogenes are labeled above chromosome
6 and potential key tumor suppressors are labeled below chromosomes 4 and 10.

(Roche, Basel, Switzerland) plus 0.1 mg/ml DNasel (Sigma) for 5
minutes. Cells were filtered through a 40 um mesh. Cells were then
plated in 3 ml of defined mammosphere media (11): Dulbecco’s
modified Eagle’s medium:F12 medium (serum free) supplemented
with 20 pl/ml B27 (Invitrogen, Thermo Fisher Scientific Inc.,
Waltham, MA, USA), 20 ng/ml epidermal growth factor, 20 ng/ml
basic fibroblast growth factor, and 0.5% methylcellulose per well of
a 6-well ultra-low attachment plate (Corning Life Sciences,
Tewksbury, MA, USA), at a density of 104 cells/ml. Fresh medium
(500 pl) was added every third day. Treated cells were incubated
with 1 uM of the tankyrase inhibitor XAV939 (Sigma).
Mammospheres were counted on day 10.

Cell viability determination. Approximately 105 cells were
transfected with pGipz-dnTCF4 (a kind gift from J. Mao at
University of Massachusetts Medical School) or empty vector, then
incubated for four days in medium supplemented with 2 pg/ml
puromycin. Subsequently, 3000 trypsin-dissociated cells were plated
in quadruplicate and assayed by MTT assay after five days. The
mean proportion of viable cells and their standard deviation were
reported.

Results

CNAs and associated pathways in tumors from a mouse
model of TNBC. Significant recurrent deletions occurred on
chromosomes 4 and 10 (>50% of samples). These two

genomic regions harbor many known tumor suppressors,
including Caspase 14 (Caspl4), Casp9, Growth arrest and
DNA-damage-inducible 45 beta (Gadd45b), and Runt related
transcription factor 3 (Runx3) (Figure 1, Table I). Many of
these genes and their associated pathways carry out crucial
cellular functions, such as regulation of autophagy
(»=0.00269) for degradation of cellular components, p53
signaling (p=0.00846) for apoptosis, and Janus kinase-Signal
Transducer and Activator of Transcription (JAK-STAT)
signaling (p=0.000984) for response to extracellular
chemical signals. Other recurrent losses localized to
chromosomes 5, 7 and 13 (Figure 1). Losses and deletions
were more prominent than amplifications and gains, which
is a signature feature of this highly penetrant mouse model.
In contrast to the large domains of chromosomes 4 and 10
that were lost, encompassing 2,154 genes, only a small
length of chromosome 6 spanning only nine genes was
amplified.

On this region of chromosome 6 (6qA2), the oncogenes
Wnt2, Met proto-oncogene (Met), Caveolin 1 (Cavl), and
Cav2 were amplified (Table I). Focal adhesion was the most
enriched pathway (p=0.0104) associated with these genes.
This amplified region is paralogous to human chromosome
7q31.1-31.3, which shows high level amplifications in
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Table 1. The 50 most significant genes whose expression correlated with

CNA.
Genes Location Number Correlation p-Value  False
symbol of coefficient discovery
observations rate
(FDR)
1 A430005
L14Rik  Chr3q 11 09175 <0.0001 0.1112
2 Commd4 Chrdq 11 0.9599 <0.0001 0.0184
3 Nubp2  Chr9q 11 0.9249 <0.0001 0.1112
4 Elf2 Chrl7q 11 0.9249 <0.0001 0.1112
5 Timm8b  Chr9q 11 0.9249 0.0002 04111
6  St3gal5  Chroq 11 0.9249 0.0002 04111
7  Vmn2r30 Chriq 11 0.9249 0.0002 04111
8 Ssrl Chrl3q 11 0.9249  0.0003 04111
9 Ttc4 Chrdq 11 0.9249 0.0003 04111
10 Zfp954 Chriq 11 0.9249 0.0003 04111
11 Ms4a4b Chrl9q 9 0.9249 0.0003 04111
12 Bicd2  Chrl3q 10 0.9249 0.0004 04111
13 Slc25all Chrllq 11 0.9249  0.0005 04111
14 Faml77a Chrl2q 11 0.9249 0.0005 04111
15 Leelc Chr3q 11 0.9249 0.0005 04111
16 Fdx1 Chr9q 11 0.9249 0.0005 04111
17 Spc24  Chr9q 11 0.9249  0.0006 04111
18  Gpsm3 Chrliq 11 0.9249  0.0007 04111
19 Lcele Chr3q 11 0.9249  0.0007 04111
20 Leeli Chr3q 11 0.9249  0.0007 04111
21 Lceld  Chr3q 11 0.9249 0.0007 04111
22 Ripkl ~ Chrl3q 9 0.9249 0.0008 04111
23 Twf2 Chr9q 11 0.9249 0.0008 04111
24 Ift122 Chr6q 11 0.9249  0.0009 04111
25 Ifngrl  Chrl0q 11 0.9249  0.001 04111
26  Cwfl9ll Chrl9q 11 0.9249  0.001 04111
27 Msil Chr5q 11 0.9249  0.001 04111
28  Histlhit Chrl3q 11 0.9249  0.001 04111
29 C130079
GI3Rik  Chr3q 6 0.9249  0.001 04111
30 Nphsl Chr7q 7 0.9249  0.001 04111
31 Lcelb  Chr3q 10 0.9249  0.001 04111
32 Cs Chrl0q 11 09249 00011 04111
33 Nfil3  Chrl3q 11 09249 0.0011 04111
34 Traf3  Chrl2q 11 09249 0.0012 04111
35 Ipp Chrdq 11 09249 00012 04111
36 Cmcl Chr9q 11 09249 00012 04111
37  Arid3a  Chrl0Oq 11 09249 00012 04111
38 Rg9mtd2 Chr3q 11 09249 0.0012 04111
39  Apitdl  Chr4q 11 09249 0.0012 04111
40 Sgk2 Chr2q 10 0.9249 0.0014 04127
41  B3galt2  Chrlq 5 0.9249 0.0014 04127
42 D630045
JI2Rik  Chr6q 11 09249 00014 04127
43 Prrg2 Chr7q 11 09249 0.0014 04127
44 Frmd4b  Chréq 10 0.9249 0.0014 04127
45 Rpsa Chr9q 11 0.9249 0.0015 04284
46  Gtpbp4 Chrl3q 10 0.9249 0.0016 04284
47  Ubiadl  Chr4q 11 09249 0.0016 04284
48 Dedd Chrlq 11 09249 00016 0.4284
49 Cpa3 Chr3q 11 09249 0.0017 0438
50 Fig4 Chrl0q 11 0.9249 0.0019 04528
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invasive serous carcinomas (12). Another potential
amplification was on chromosome 15 which harbors the
well-described proto-oncogenes Wntl and Myc (Figure 1).

Integrated analysis. Despite the proven role of Brcal in
maintaining genomic integrity, we previously reported that
there is no significant difference between the average number
of CNAs in tumors where all three tumor-suppressor
pathways are perturbed (TBP tumors) versus tumors where
only Rb and p53 are inactivated (TP tumors) (3). However,
our integrated analysis here shows that there are significantly
more genes in TBPs than in TPs whose expression correlated
with CNAs (p<0.0001, Chi-square with Yates correction,
two-tailed). Only 5.36% of TP genes were correlated, while
7.96% of TBP genes were correlated.

We identified the top 50 statistically significant genes
whose expressions were correlated with CNAs (Table I).
The Toll-like receptor signaling pathway (p=0.00008888)
and  glyoxylate and  dicarboxylate  metabolism
(p=0.0004844) are prominently enriched pathways among
these genes. The Toll-like receptor 4 is overexpressed in
numerous types of human cancer, including in cervical
cancer, where it promotes immunosuppressive cytokine
production (13, 14), and in prostate cancer, where it causes
chemoresistance to docetaxel (15). The differential
expression of glyoxylate and dicarboxylate metabolism has
been implicated as a cause in acute myeloid leukemia (16)
and in lung adenocarcinomas due to loss of cell
differentiation (17). Gene families that had numerous
members represented among all 972 correlated genes
identified by integrative analysis include the B3 and B4 galt,
BC, Cdc, Cd, Fam, Mapk, Ppp, Rab, Slc, Tmem, Tnf, and
Zfp families. Ten percent of the top 50 genes encode the late
cornified envelope proteins (Lcelb, Lcelc, Lceld, Lcele,
Lceli), which are normally associated with the keratinocyte
terminal-differentiation pathway and cornification of skin,
which is a type of cell death distinct from apoptosis (18).

We observed a strong overlap between the top 23 KEGG
pathways enriched among genes identified by integrative
analysis in our model, the top 23 pathways identified by
Shah et al. in human TNBC (19), and the top 23 pathways
found by Ellis et al. in human estrogen-receptor-positive
breast cancer (20) (Figure 2A). A word cloud (Figure 2B)
highlights the genes most often shared among these
oncogenic pathways. Prominent genes include Arid3a, an
E2F-related gene, and Map2k2, Pik3rl, Hoxa5, Aktl, and
Nfkbia. Analysis of BioCarta pathways identified additional
targets of cancer therapeutics. The enriched control of the
cell cycle and breast tumor growth by the estrogen-
responsive finger protein (efp) may account in part for our
tumor model’s similarity with estrogen-receptor-positive
breast cancer characterized by Ellis et al. (20). Given the role
of numerous cyclin-dependent kinases in this pathway and
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Figure 2. Significant pathways and their most involved genes. A: Overlap between the top 23 KEGG pathways identified by integrative analysis in
our Tj,;/Brcal/p53 (TBP) mouse model and the top 23 pathways identified by Shah et al. in human triple-negative breast cancer (TNBC) (16) and
by Ellis et al. in human estrogen-receptor-positive breast cancer (18). Red indicates overlap among all three types of cancer, yellow reveals
intersection between estrogen receptor-positive breast cancer and our TNBC model, blue indicates overlap between human TNBC and our TNBC
model, and green reveals intersection between ER-positive breast cancer and human TNBC. B: A word cloud depicting the genes that are involved
in numerous highly enriched KEGG pathways. Word size correlates with the number of times a gene is present among the listed pathways.
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Figure 3. T;,;/Brcal/p53 (TBP) and mouse tumors derived from Wntl transgenic mice show correlated expression of [-catenin-target genes. A:
Heat map of 34 up-regulated targets (8) in normal mammary tissue (blue), TBP (yellow), and Wntl (blue) mammary tumors assayed by genome-wide
gene expression (3). B: Wnt pathway members f-catenin (Cctnbl), c-Myc, and cyclin D1 (Ccndl) show elevated expression, while the negative

regulator Adenomatosis polyposis coli (Apc) is reduced in TBP tumors.

the numerous drugs that inhibit cyclin-dependent kinases
(21), this pathway may be especially relevant to cancer
therapeutics.

Numerous gained genes were correlated with the
endoplasmic reticulum (ER)-associated degradation
pathway (p=0.021). We hypothesize that these gained genes
inhibit ER stress, causing a reduction of both apoptosis and
tumor suppression. We also previously identified several
highly enriched pathways in our mouse model by manual
curation, including Parkinson’s disease, maturity onset
diabetes of the young, type II diabetes mellitus,
Alzheimer’s disease, and Huntington’s disease, which are
likely caused at least in part by ER stress (22-24).
Therefore, further elucidating the role of ER stress in
cancer will be critical in future studies.
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The Wnt/B-catenin/TCF signaling pathway shapes TBP
tumor biology. The Wnt pathway is a highly conserved
pathway that mediates stem cell self-renewal and lineage fate
determination in diverse tissues. This pathway has been
targeted in TNBC in early phase clinical trials (25). We
hypothesized that the Wnt/B-catenin/TCF signaling pathway
plays a key role in shaping TBP tumor biology based on
genome-wide gene expression, CNA, tumor histology, and
preliminary studies of Wnt pathway inhibition. Both Wntl
and Wnt2 loci were amplified in the present analysis, and our
previous manual curation of CGH data showed a strong
enrichment of the Wnt signaling pathway, including Wnt2
and Wnt8a (p=3.13E-15). In addition, when we examined a
signature (8)of P-catenin-regulated genes (Figure 3A), or
specific Wnt pathway genes, including Myc, Ccndl, and
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Figure 4. -Catenin signaling is active in TBP tumors/pulmonary metastases. [3-Catenin (green) is cytoplasmic and nuclear in primary tumors (A
and C, n=6) and in lung metastases (D, n=3). Keratin 6 (Krt6) (red, B, C, and D) is a biomarker of up-regulated [3-catenin signaling.

Ctnnbl (Figure 3B), we observed similar patterns shared by
TBP and Wntl-induced mouse tumors (26). Notably, the
integrative analysis of copy number and gene expression
overlooked small, focal amplifications of Wnt genes that
were identified by manual curation or the GISTIC algorithm.
Nevertheless, numerous Wnt pathway regulators were
identified by integrative analysis. For example, Gsk3b and
Tcf7 genes figured prominently among the enriched
pathways identified by joint CGH and expression analysis
(Figure 2B). Consistent with these gene expression data, both
primary TBP tumors and lung metastases exhibited nuclear
and cytoplasmic (-catenin immunostaining, supporting an
active role for Wnt/B-catenin/TCF signaling in promoting
tumors and metastasis (Figure 4A, C and D). Similarly,
Keratin 6 (Krt6), a biomarker of elevated Wnt activity, was
also abundant in primary TBP tumors and pulmonary
metastases (Figure 4B-D).

TBP tumors exhibit a stem/luminal progenitor phenotype.
Three observations prompted us to test the hypothesis that
the TBP tumors are enriched for luminal stem and/or
progenitor cells like human TNBC is. Our mouse model
exhibits poorly differentiated tumor histology and gene

expression patterns (3). Human basal-like BRCAI-mutated
cancer also resembles luminal progenitor cells at the
molecular level (27). Furthermore, Claudin-low tumors
demonstrate enhanced self-renewal and tumorsphere-forming
capacity, enrichment of tumor-initiating cells, and high
expression of epithelial-mesenchymal transition (EMT)-
inducing factors (28, 29).

Flow cytometric analysis was consistent with a model in
which TBP tumors and tumor-derived cell lines have large
populations of stem/progenitor cells. In mice, Cd49f"i Cd24+
double-positive cells enrich for mammary stem cells that are
capable of repopulating a fat pad cleared of epithelial cells
(10, 30). This stem cell population is expanded in
preneoplastic mammary glands and tumors of MMTV-Wntl
mice (30-33), thereby indicating a connection between the
stem/luminal phenotype and Wnt signaling. We found that
TBP tumors (n=3) had an abundance of lin"Cd49f" Cd24*
cells (mean=48%, Figure 5A), which were positive or
negative for the progenitor cell marker Cd61 (Figure 5B)
(34). Cell lines established from TBP tumors (n=4)
maintained high proportions of Cd49f"Cd24* cells, with a
52% greater amount than the immortalized, non-transformed,
mouse mammary cell line NMuMG (ATCC CRL-1636).
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Figure 5. Flow cytometric analysis reveals a stem/luminal progenitor phenotype. A: Cd49f1iCd24+ (cluster of differentiation) cells, which are
reportedly enriched with tumor-initiating and luminal progenitor cells, are abundant in TBP tumors and cell lines compared to immortalized, non-
transformed, normal murine mammary gland epithelial (NMuMG) cells. B: The Cd61 luminal progenitor marker is also more highly expressed in

Cd49fhiCd24+ cells (circled) compared to the remaining cells.

TBP tumor cells require the Wnt pathway for survival. We
next tested the effect of Wnt pathway inhibition on
tumorsphere formation. Five independent TBP tumor-derived
cell lines formed tumorspheres when grown under low
adhesion conditions (Figure 6A), a property shared by stem,
progenitor, and tumor-initiating cells, presumably owing to
enhanced anoikis resistance (35, 36). A single tested TBP cell
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line formed secondary tumors following serial transplantation
into syngeneic (FVB) mammary fat pads (100%, n=3 mice),
confirming the tumor-initiating and malignant capacity of this
TBP cell line. We then examined the impact of Wnt pathway
inhibition on TBP tumor cells ex vivo. Wnt pathway
suppression by the tankyrase inhibitor XAV939 (37) reduced
tumorsphere formation in five independent TBP cell lines
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Figure 6. Wnt pathway inhibition suppresses TBP tumorsphere growth and cell survival. Five independent tumor-derived cell lines showed variable
capacity for tumorsphere growth in low adhesion culture conditions, with comparable levels, on average, to that of the human breast cancer cell line
MCFI10A (A). Treatment with tankyrase (XAV939) pathway inhibitor inhibited tumorsphere formation in five independent TBP cell lines (B;
*p<0.008). Tumorsphere capacity is presented as the fold variation and SD of tumorsphere counts relative to that of untreated control cells. Dominant
negative Transcription factor 4 (TCF4) cDNA transfection inhibited TBP cell survival (C; MTT assay).

(Figure 6B, p<0.008, two-sided, paired ¢-test). Finally, we
found that transfection of dominant-negative TCF4 cDNA
into TBP cells inhibited cell survival (Figure 6C). Future
experiments will be important to establish whether Wnt
pathway inhibition also reduces tumor initiation and cell
survival capacity in vivo as predicted by these in vitro assays
of stem/progenitor TBP cells.

Discussion

A significant drawback of using mouse models for genomic
analyses of tumors is their tendency to yield recurrent,
stereotypical CNAs, even across diverse tumor types (2).
Although combined Rb and p53 perturbations were sufficient
for tumor formation after long latency (38, 39), by adding
Brcal mutation we aimed to stimulate genomic instability in

order to better mimic the mutational diversity observed
among human tumors. As a result of triple pathway
inactivation, we observed expression of 972 genes to be
strongly correlated with CNAs. That these mutations were
acquired after mere weeks of tumor growth attests to the
remarkable ability of these tumors to rapidly acquire
mutations that initiate and sustain tumorigenesis.

The strong correlation between enriched pathways in our
model and those enriched in human data sets (Figure 2A)
further supports the validity of these mice as a human cancer
model. In human studies, Myelocytomatosis oncogene
(MYC), ERBB2, and KRAS amplification, as well as RBI and
INTS6 loss, ranked among the most significant mutations
(40-42). AKT, PTEN, and MAPK signaling pathways are
among the most amplified pathways among enriched genes
in human breast cancer (40, 43). Importantly, all of these
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genes and pathways are represented among either the
manually curated genes or those identified by the integrative
analysis of the TBP tumor model (Tables I). Furthermore,
Met, a gene up-regulated on a conserved amplicon of our
model, has been shown to play a prominent role in inducing
basal-like breast cancer (44, 45). Thus, these strong parallels
in the molecular changes accrued in our mouse model and
human TNBC underscore their particular relevance,
especially to the basal-like and claudin-low molecular
subtypes.

Neither manual curation nor the integrative analysis
algorithm we employed was satisfactory on its own for
detection of putative cancer drivers. Manual curation is time-
consuming and prone to human error. In contrast, computer-
based algorithms are rapid and automated, making these
results far easier for others to replicate. However, the GISTIC
parameters we used tended to overlook small regions of
genomic alteration and only detected gains and losses
spanning large chromosomal segments, whereas manual
curation identifies focal, single-gene mutations. The
integrated analysis may also overlook genes with significant
CNAs because the gene’s expression fails to correlate. For
example, our previous manual analysis identified highly
significant gains of Myc, Wnt2, Wnt8a, Ezr, and Btbd9, as
well as losses of Arid3a and Arhgefl6, among others (3).
However, many of these genes did not appear in the
integrative analysis, indicating that combined automated and
manual curation is the most thorough option. Furthermore,
the integrative analysis did not recognize the short, focal
amplicon harboring Wnt2, Met, Cavl, and Cav2. Intriguingly,
among the genes that appeared in both the automated analysis
and manual curation were Arid3a and Map2k2, which were
among the most commonly occurring genes among the cancer
pathways (Figure 2B). With our determination of putative
oncogenic events, further experimental studies remain to
determine the relative impact of these aberrations.

The gene expression, flow cytometric analysis, and
tumorsphere-forming ability of TBP tumor cells indicate an
enrichment of stem/progenitor cells among TBP tumors,
which may contribute to their aggressive tumorigenicity.
Perturbed embryonic signaling pathways like the Wnt
pathway may provide a common thread underlying the
intrinsic molecular subtype breast cancer signatures,
stem/progenitor tumor phenotypes, and EMT induction.
Although more commonly associated with colon cancer,
recent reports link Wnt activity to EMT (46), the acquisition
of stem cell properties (47), and pulmonary metastasis (48)
in breast cancer. Targeting these and other morphogenetic
signaling pathways may offer more effective treatments for
TNBC compared to the current cytotoxic therapies, which
are the mainline treatments for TNBC. By sensitizing tumor-
initiating cells, morphogen suppression could potentially
broaden the therapeutic window and thereby spare normal
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stem cells from treatment-associated toxicities. Our
therapeutic inhibition of Wnt, however, is just one example
of a variety of potential cancer drivers identified in this study
that should be targeted in future experiments. The novel TBP
mouse model may therefore be especially well-suited for the
preclinical evaluation of better therapy regimens for the most
aggressive forms of TNBC.
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