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The claudin-low subtype is a recently identified rare molecular
subtype of human breast cancer that expresses low levels of
tight and adherens junction genes and shows high expression of
epithelial-to-mesenchymal transition (EMT) genes. These tumors are
enriched in gene expression signatures derived from human tumor-
initiating cells (TICs) and human mammary stem cells. Through cross-
species analysis, we discovered mouse mammary tumors that have
similar gene expression characteristics as human claudin-low tumors
and were also enriched for the human TIC signature. Such claudin-
low tumors were similarly rare but came from a number of distinct
mouse models, including the p53 null transplant model. Here we
present a molecular characterization of 50 p53 null mammary
tumors compared with other mouse models and human breast
tumor subtypes. Similar to human tumors, the murine p53 null
tumors fell into multiple molecular subtypes, including two basal-
like, a luminal, a claudin-low, and a subtype unique to this model.
The claudin-low tumors also showed high gene expression of EMT
inducers, low expression of the miR-200 family, and low to absent
expression of both claudin 3 and E-cadherin. These murine subtypes
also contained distinct genomic DNA copy number changes, some of
which are similarly altered in their cognate human subtype coun-
terpart. Finally, limiting dilution transplantation revealed that p53
null claudin-low tumors are highly enriched for TICs compared with
the more common adenocarcinomas arising in the same model, thus
providing a unique preclinical mouse model to investigate the
therapeutic response of TICs.

genetically engineered mouse model | gene profiling | array comparative
genomic hybridization

Breast cancer (BC) is the second leading cause of cancer-
related deaths among women in the United States (1). The
large compendium of underlying genetic alterations and the re-
sulting histological and molecular subtypes illustrate the hetero-
geneous nature of this disease. Both this intertumor heterogeneity
and the cellular heterogeneity found within a breast tumor (intra-
tumor heterogeneity) are major obstacles to effective treatments.
One common feature of BC (and most cancers) is the loss of the
tumor suppressor p53 function. p53 has been shown to be mutated
in ~40% of BCs, associated with poor clinical outcomes, and
a higher frequency of mutations occurs in more-aggressive molec-
ular subtypes, including the basal-like subtype of human BC (2).
Mice homozygous for p53 loss have been shown to develop
lymphomas and sarcomas with a short latency (3, 4). When
crossed into the BALB/c background, mammary tumors were
observed in p53*'~ mice (5). To circumvent the appearance of
other tumor types that occurred with short latency, the model was
further modified (6); namely, 6-wk-old p53~~ glands were re-
moved and transplanted into 3-wk-old wild-type BALB/c recipi-
ents. These mice develop mammary tumors stochastically with an
average latency of approximately 12 mo. Interestingly, the p53
null epithelium initially forms normal ductal growths, which ex-
hibit few genetic changes compared with wild-type outgrowths
(7). Unlike many transgenic mouse models, the p53 null tumor
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model exhibits histological heterogeneity reminiscent of human
BCs, including a subset of the tumors expressing the estrogen
receptor (ER). In addition antiestrogens are able to significantly
delay tumor formation in this model (8). Last, these p53-deficient
tumors exhibit genetic instability and/or aneuploidy, which likely
play a critical role in progression (6).

Using gene expression profiling for classification we show that,
like human tumors, p53 null mouse mammary tumors fall into mul-
tiple molecular groups, including basal-like, luminal, and claudin-
low subtypes. The claudin-low tumors contain a majority of spindle-
shaped cells, a histology originally described for carcinosarcomas,
which are now called epithelial-to-mesenchymal transition (EMT)
tumors (9). Like their human counterparts, the p53 null claudin-low
tumors exhibit high expression of EMT inducers and a core EMT
signature (10). Unlike many other mouse tumor models, p53 null
tumors show extensive genomic instability. Accordingly, we deter-
mined that these different p53-deficient murine subtypes contain
distinct genomic DNA copy number changes, as assessed by array
comparative genomic hybridization (aCGH). We also show, by lim-
iting dilution transplantation, that p53 null claudin-low tumors have
a marked enrichment of functional tumor-initiating cells (TICs).
These data show the utility of this heterogeneous tumor model and
provide functional data further demonstrating the stem cell char-
acteristics of the claudin-low subtype.

Results

p53 Null Tumors Show Variable Histology. Previously, we hypothe-
sized that the heterogeneity observed in human BC might arise
not only because of activation of different oncogenes or loss of
specific tumor suppressor genes, but might also be dependent on
the cell of origin in which these genetic changes occur (11). Ini-
tially transplanted p53 null mammary epithelial cells gave rise to
phenotypically normal ductal outgrowths, which then stochasti-
cally developed mammary tumors. We therefore hypothesized
that the deletion of this single tumor suppressor gene might give
rise to a spectrum of heterogeneous tumors, depending on the cell
of origin in which additional stochastic changes occurred. To test
this hypothesis, we collected 50 p53 null tumors that arose in wild-
type BALB/c mice after transplantation of p53 null BALB/c
mammary tissue into the cleared fat pads of 3-wk-old mice (6).
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Like some other genetically engineered mouse model (GEMM)
mammary tumor models, the p53 null model gave rise to tumors
with a diversity of histological phenotypes (Fig. S1 and Dataset
S1) (9, 12). Approximately 10% of the tumors contained a ma-
jority of spindle-shaped cells, a histology originally described for
carcinosarcomas, now called EMT tumors (9).

p53 Null Tumors Cluster into Distinct Tumor Subtypes. In a previous
study we profiled 13 distinct mouse models, including the p53 null
model (13). However, with only five p53 null tumor samples, we
were not able to appreciate the full spectrum of molecular het-
erogeneity represented in this mouse model. Now, with a total of
50 tumors from the p53 null model, we see that these tumors
cluster into five distinct tumor subtypes when performing hier-
archical clustering analysis using our previously defined mouse
intrinsic gene list (13) (Fig. 1); furthermore, we used SigClust
(14) to assess the significance of this clustering and objectively
determined that the p53 null model did populate multiple sta-
tistically significant groups/subtypes, as follows.

Basal-like. Two groups of basal-like mouse mammary tumors were
observed (Fig. 1); in part, we define these groups as basal-like
according to their high expression of known basal markers, in-
cluding keratin 5 (K5), ID4, and TRIM29 (Fig. 1D) and selective
high expression of the human basal-like tumor expression cluster
(Fig. S2). Basal 1 tumors (5 of 50, 10%) clustered along with a group
of other mouse basal-like tumors, including BRCA1-deficient and

MMTYV-Wntl tumors. Basal 2 tumors (8 of 50, 16%) clustered next
to the Basal 1 tumors but showed a higher expression of the murine
luminal cluster than did Basal 1 (Fig. 1C). Basal 1 p53 null tumors
showed an increased proliferation signature separating them from
Basal 2 and the other p53 null subtypes (Fig. 1G and Fig. S2), and
they also showed high p16 expression, which is a hallmark of im-
paired RB1 function (15). Basal tumors (eight of nine) tested stain-
ed positively for K5, as expected (Fig. S3 and Dataset S1); however,
paradoxically, five of eight tested stained positively for the ER, of
which four of five were of the Basal 2 subtype.

Luminal. Eight of 50 p53 null tumors (16%) clustered close to-
gether and with the mouse luminal models MMTV-Neu and
MMTV-PyMT. As we have seen for other luminal models, these
tumors express luminal-specific genes like XBP1 but are missing
ER and estrogen responsive genes; accordingly, only one of eight
of the luminal tumors stained positively for ER. Interestingly, like
human luminal tumors, p5S3 null luminal tumors showed lower
levels of p18™X4C and p18 null mice develop predominantly
luminal-type mammary tumors (16).

Claudin-low. Five of 50 p53 null tumors (10%) showed the murine
claudin-low expression phenotype (Fig. 1F) and significantly
clustered with the previously defined murine claudin-low tumors.
These tumors had an EMT tumor histology (Fig. S1) and showed
expression of the human claudin-low signature (Fig. S2). In
agreement with the gene expression data and immunohistochem-
istry on human samples (17), we observed low to absent expression
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Fig. 1. Intrinsic gene set clustering analysis of 50 p53 null tumors and 117 samples from 13 GEMM previously published in Herschkowitz et al. (13). (A) Overview
of the complete cluster diagram. (B) Experimental sample-associated dendrogram. Boxes indicate the p53 null tumor subtypes based on SigClust analysis. (C)
Luminal epithelial expression pattern that is highly expressed in luminal p53 null tumors, MMTV-Neu, and MMTV-PyMT tumors (D). Basal epithelial expression
pattern including K5 and ID4, which are highly expressed in basal-like p53 null tumors. (E) Mesenchymal genes, including snail homolog 1. (F) Genes expressed
at low levels in claudin-low tumors, including CLDN3, CLDN7, and ELF5. (G) Proliferation signature. (H) Individual genes discussed within the text.
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Fig. 2. p53 null claudin-low tumors have features of EMT. These tumors (A)
express core EMT signature, EMT markers, and (B) showed marked down-
regulation of miRNAs involved in negative regulation of stemness and EMT.
Three technical replicates were averaged for each. 200a (P < 0.0001), 200b
(P=0.0002), 200c (P < 0.0001), 141 (P=0.0005), 429 (P < 0.0001), 205 (P = 0.004),
182 (P = 0.004), 96 (P = 0.005), 183 (P < 0.0001), 203 (P = 0.04).

of CLDN3 and CDHI1 by immunofluorescent staining (Fig. S3).
Like human claudin-low tumors, these tumors highly express
markers of EMT (17) and the previously determined EMT core
signature (Fig. 24) (10). All p53 null tumors tested stained posi-
tively for the luminal marker keratin 8 (K8), including the claudin-
low tumors (thus suggesting an epithelial origin); however, they
often exhibited comparatively less staining (Fig. S3).

P53 null subtype. Thirteen of 50 p53 null tumors (26%) clustered
into a unique group made up exclusively of tumors from this
BALB/c p53 null model. Tumors of this subtype seem to not show
high expression of any of the other tumor subtype defining clus-
ters. Last, 11 of 50 p53 null tumors clustered separately from these
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five groups and without a consistent group signature. Thus, at least
five expression subtypes/phenotypes can be found from this single
murine model, three of which mimic previously known human
tumor subtypes (luminal, basal-like, and claudin-low).

miRNAs. Because expression of a number of specific miRNAs has
been associated previously with an EMT transition (18, 19), we
took a candidate approach to identify miRNAs that were differ-
entially expressed between p53 null claudin-low tumors and the
other subtypes. First we evaluated the miR-200 family of miRNAs
and miR-205, which are miRNAs that have been implicated in
EMT and TICs (18, 20). Although a number of targets for these
miRNAs have now been identified, important targets with respect
to EMT are ZEB1 and ZEB2. ZEB1 and ZEB2 are expressed at
high levels in claudin-low tumors (mouse and human), and as
expected, these miRNAs were present at very low levels relative to
the other p53 null tumors (Fig. 2B). Another cluster of miRNAs
expressed at lower levels in both cancer and normal mammary
stem cells contains miRNAs 182, 96, and 183 (20). Likewise, this
cluster of miRNAs was expressed at low levels in murine p53
null claudin-low tumors. Additionally, miR-203, another stem-
ness-inhibiting miRNA regulated by Zeb1 (21), was also expressed
at low levels in claudin-low tumors. Marked decreases, however,
were not seen for all miRNAs tested (e.g., miR-21).

It has been shown that human breast tumor subtype correlates
with miRNA profiles (22, 23). We reanalyzed the Blenkiron et al.
dataset (22) to determine which tumors contained the claudin-
low gene expression pattern using the Prat claudin-low predictor
(17). Using a supervised analysis, 17 miRNAs were identified
that were significantly differentially expressed between claudin-
low tumors vs. the other BCs (Dataset S2). This included seven
of the miRNAs that we had observed, including miR-200a, 200b,
200c, 149, 182, 183, and 203. These results indicate that in ad-
dition to mRNA gene expression changes, mouse and human
claudin-low tumors share common miRNA expression patterns.

p53 Null Tumor Subtypes Display Distinct Copy Number Alterations.
Presumably stochastic genetic alterations selected during neo-
plastic progression collaborate with the loss of p53. It is also likely
that different genetic events can cause tumors to show a given
phenotype, or only sensitize one particular cell type to malignant
transformation; thus, specific copy number and/or mutations may
be highly enriched within a specific tumor subtype, as shown for
human breast tumors (24). To investigate this on the genomic
level, we performed aCGH on 44 p53 null tumors using Agilent
244,000 feature DNA microarrays to determine whether there
were subtype-specific copy number alterations (CNAs) (Fig. 3). In
comparison with many mouse models (25, 26) the p53 null
mammary tumors contained a fair amount of genomic instability.
Interestingly, all five tumor subtypes contain distinct CNAs, which
are listed by subtype in Dataset S3. In the p53 null basal-like
tumors (both Basal 1 and Basal 2 considered together), there was
loss of the distal half of chromosome 8, including INPP4B, which
has now been shown to be selectively lost in human basal-like/
triple-negative tumors [4q31.22-q35.2(12)] (27, 28). p53 null lu-
minal tumors showed loss of chromosome 4 and gain of chro-
mosome 7. The p53 null unique subtype showed very few subtype-
specific events; however, when converted to human genomic
coordinates, these events identify amplification of human chro-
mosome 17q12-q21.2(2), which is a common amplicon that is
distal to the HER2 amplicon. Interestingly, one of these murine
tumors (2304L) that clusters in the p53 null unique subtype, but
that is not contained within the SigClust defined group (Fig. 1B),
showed high Her2 mRNA and protein expression and was am-
plified for Her2 on mouse chromosome 11 (Fig. S4); thus, the p53
null model is even able to generate HER2-amplified tumors, al-
beit at a low frequency.

The copy number landscape of human claudin-low tumors is not
known, but the p53 null claudin-low tumors showed numerous
subtype-enriched CNAs. These changes included the near-complete
loss of mouse chromosome 1 and frequent but smaller losses on 7,
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Fig. 3. Tumor genomic DNA copy number landscape plots for mouse p53 null
tumor classes. At top is the overall pattern for all 34 tumors considered to-
gether, and then below are the landscape plots for each of the five expression-
defined subtypes. Gray shading indicates the overall frequency of aberrations
seeninthat subtype, and the black shading indicates the group-specific CNA (P
value threshold 0.05).

12, and 14. There were also specific gains on 3, 8, and 13. Many of
these map to common regions of copy number changes in hu-
man BC; however, additional studies will be required to define the
driving mutations/changes present in each region. Nonetheless,
these claudin-low subtype-specific copy number changes do sug-
gest the possible existence of driver mutations/changes.

The work of Bergamaschi et al. (24) identified numerous CNAs
associated with some of the intrinsic subtypes. We, therefore,
converted our mouse CNAs into human equivalent chromosome
locations and determined that a number of significantly altered
regions were in common between p53 null mouse tumors and
human breast tumors (Dataset S4). Of note were the loss of two
regions that occurred in both mouse and human basal-like
tumors, human 4q31.22-q35.2(12) that contains INPP4B, and
human 14q22.1-q23.1(4); the somatic loss of these two regions
across species suggests that each contains a tumor suppressor(s)
gene and that the loss of these genes may sensitize cells to be-
come the basal-like subtype, similar to germline inactivation of
BRCAL1 (29).

p53 Null Claudin-Low Tumors Are Enriched for Tumor-Initiating Cells.

Similar to their utility in the isolation of mouse mammary stem
cells (30), CD29 and CD24 have been used as markers that enrich

Herschkowitz et al.

for TICs in the p53 null tumor model, with the CD29%/CD24*
fraction showing the TIC capabilities (12). Furthermore, an EMT
program has been shown to correlate with stem-like properties,
and the loss of miR-200 expression as well as a “claudin-low”
signature has been suggested to characterize both normal and
cancer stem cells (20). By FACS analysis, in the p53 null claudin-
low tumors tested, the percentage of double-positive cells was 70—
85%, as compared with a maximum of 14% in the other p53 null
tumors analyzed (Fig. 4 A and B) Interestingly, some luminal
tumors exhibit very low levels of double-positive cells. This was
suggestive, therefore, that there might be a high percentage of
TICs in the claudin-low tumors.

To test this hypothesis, two different claudin-low p53 null
tumors were FACS sorted for all four possible populations using
CD29 and CD24, and limiting dilution transplantation was per-
formed (Tables 1 and 2). The tumor-initiating frequency was
similar between the CD29*/CD24* and CD29%/CD24~ frac-
tions, and these two populations were highly enriched for TICs
compared with the other two fractions. In addition, by trans-
planting FACS-sorted lineage-negative cells in limiting dilution,
we determined that the tumor repopulating ability of these
claudin-low phenotype tumors was >38 times greater than that of
two other p53 null adenocarcinomas (T1 and T7) performed
using the same methods (Fig. 4C) (31). Thus, these data indicate
that an expanded population of TICs exists within these murine
claudin-low tumors.

Discussion

GEMM have provided a rich resource for the study of different
cancers; however, many individual models show significant mo-
lecular and histological heterogeneity (13). This heterogeneity
complicates studies because multiple disease types may actually be
present within a given model. One way to address this heteroge-
neity is to genomically characterize each tumor, then group tumors
together according to important features and, most importantly,
perform functional studies. The p53 null mammary transplant
model is one such heterogeneous model, and we have taken ad-
vantage of this feature and identified transplantable lines that
represent at least three human breast tumor subtypes. In addition,
because all these tumors develop subsequent to the same initial
loss of p53, the question is whether this heterogeneity is due to
different collaborating oncogenes/tumor suppressors and/or dif-
ferent cells of origins. The cell type of origin in cancer is a highly
debated topic (reviewed recently in ref. 32). Although specific
genetic lesions clearly play a major role in determining the tumor
phenotype, growing evidence indicates that cancers of different
subtypes within an organ system may also reflect distinct cells of
origin. However, it is not apparent whether a given oncogenic le-
sion actually dictates the cell of origin or, conversely, whether the
cell of origin determines which oncogenic lesions can occur. Both
of these possibilities most likely exist. There is evidence that tumors
generated using the same oncogene targeted to different cell lin-
eages can be phenotypically distinct (33). Recent studies have
shown that BRCA1 mutant and basal-like human tumors are
enriched in gene expression profiles and surface markers of luminal
progenitors (34). Similarly, inactivation of BRCAL1 (and p53) in the
luminal or basal cell population of the mouse mammary gland
showed that only the luminal cells gave rise to tumors histologically
resembling those of BRCA1 mutation carriers (35). These results,
however, fall short of actually proving that these tumor types
originated in these cell types. Mouse models, like the heteroge-
neous one presented here, can provide an invaluable tool with
which to decipher the cell of origin when genetics is combined with
precise lineage tracing. At present we cannot definitively answer
the cell-of-origin question because the necessary reagents are not
yet available to perform the lineage tracing experiments, as has
been done recently using mouse models of intestinal cancer (36).
However, our experiments do provide several important insights:
first, tumors of the basal-like, luminal, and claudin-low phenotypes
clearly arise, although at different frequencies and with a pre-
dilection for basal-like; in particular, the Basal 1 group seems to
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(area is proportional to sample size).

most faithfully recapitulate human basal-like tumors, in that it
shows high expression of basal gene expression features, of the
proliferation signature, and of p16 (a hallmark of RB1 loss), all of
which are features of human basal-like tumors (15). Second, the
luminal tumors that do arise are largely ER negative (as are the vast
majority of murine tumors from other GEMMs) and thus funda-
mentally more similar to a luminal B than the ER-positive luminal
A human subtype.

Interestingly, claudin-low p53 null tumors were also seen, al-
though at the lowest frequency (five total). As was shown for
human claudin-low tumors and cell lines, these murine tumors
lack tight junction proteins, including claudin 3 and E-cadherin,
and show expression features of mesenchymal cells, normal
mammary stem cells, and TIC. In addition to previously defined
subtypes, we also identified a phenotype unique to this model and
noted that nearly 20% of the tumors were scattered throughout
the cluster, indicating even greater heterogeneity within this
model. For example, tumor 2304L showed clear amplification and

Table 1. Limiting dilution transplantation of adenocarcinomas
(T1 and T7)

Cells injected 5000 1,500 1,000 100 50 25 10
Lin-CD29"cD24" 4/4 212 12/12 12012 4112 3/12
Lin-cD29"CD24" 2/4 4/6 412 212 0/8 06
Lin-CD29'CD24" 4/5 2/8 2/7 0/8 0/6 0/2 0/6
Lin"CD29-CD24" 2/6 2/8 0/7 0/8 0/6 0/2 0/6
Lin™ 2/3 6/10 4/9 2/12 1710 0/4

Data from Zhang et al. (31).
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Table 2. Limiting dilution transplantation of claudin-low tumors
(T11 and 2247R)

Cells injected 500 250 100 50 10
Lin~cD29"cD24" 212 212 5/6 5/6 3/6
Lin-CD29"CcD24" 12 2/2 5/6 5/6 3/4
Lin~CD29-CD24" 2/2 2/4 0/4 2/6 0/2
Lin~CD29-CD24" 02 3/4 2/4 2/6 02
Lin~ 212 12 8/8 5/8 2/12

high expression of HER2, thus even somatically HER2 amplified
tumors occur within this model.

The presence of specific CNAs in different subtypes of tumors
arising in the p53 null model suggests that different gains and
losses are important for tumor progression subsequent to p53
loss, and these are possibly occurring within different cell types.
In the p53 null basal-like tumors, there was specific loss of the
distal half of chromosome 8, which is in conserved synteny with
human chromosome 4. Recently, loss of this region has been seen
specifically with human basal-like/triple-negative BCs, and it is
thought that the target of this loss is INPP4B. This gene is selec-
tively low in human and murine basal-like tumors, thus suggesting
that this approach of finding common regions of loss/gains across
species can identify putative important tumor and/or subtype
causative events. Interestingly, pS3 null luminal tumors showed
loss of chromosome 4. Chromosome 4 deletions and loss of het-
erozygosity have been reported in other luminal mouse models,
including MMTV-Neu, MMTV-Myc, and MMTV-Ras (26, 37-39).
Presumably there exist multiple luminal-specific tumor suppressor
genes on chromosome 4. Although other subtypes showed gain of
chromosome 1, p53 null claudin-low tumors showed large regions of
loss on chromosome 1, which again hints at their uniqueness.

Several lines of evidence have suggested that claudin-low
tumors are enriched in functional TICs, predominantly coming
from expression analyses (Fig. 24 and Fig. S2). However, because
of their rarity and limitations in procurement of primary human
claudin-low tumors, this hypothesis has not been tested function-
ally using human clinical samples. We have, however, herein
identified a counterpart of human claudin-low tumors in the
mouse. Accordingly, we have taken advantage of this mouse model
to test by limiting dilution, the gold standard functional stem cell
assay, whether these tumors are enriched in TICs compared with
other tumors arising in the same model. With the p53 null model
we also have the advantage of being able to transplant these
tumors into syngeneic mice with an appropriate microenviron-
ment complete with normal immune function. We showed that the
claudin-low murine tumors were significantly more enriched for
surface markers of TICs as well as functional TICs compared with
other p53 null tumors. Recent studies have shown that minority
subsets of tumors from MMTV-Myc and MMTV-MET tumors
cluster with our claudin-low mouse tumors (40, 41). It has not been
determined whether they too are enriched in functional TICs.
However, the MMTV-Myc EMT-like/claudin-low tumors were
reported to show an increase in metastasis.

The murine claudin-low tumors show large percentages of
CD29*%/CD24* cells, MaSC-like mRNA, and miRNA expression
profiles, as well as expression of other markers of MaSCs (e.g.,
high s-SHIP expression) (42). Therefore, it is conceivable that
these tumors might have arisen from the MaSC population. Al-
ternatively, they may have resulted from dedifferentiation of a
progenitor or even a more differentiated cell. Lineage tracing
experiments will be required to definitively resolve this issue.

To effectively target cancer stem cells or TICs, one pressing need
is a genetically defined and renewable preclinical model to identify
and test new stem cell targeted therapies. To address this need, we
now have identified a mouse model that develops claudin-low
tumors, in which the bulk of the tumors cells seem to be TICs. This
is an example of a spontaneously occurring breast tumor with a high
proportion of TICs. Thus, we now have appropriate and validated
models for the investigation of important signaling pathways and
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therapeutics. Because of their transplantability into syngeneic hosts,
this panel of tumors provides a valuable resource for preclinical
testing of novel therapeutics. These tumors should serve as excellent
models for both the general study of BC stem cells and preclinical
models for testing stem cell targeted agents, enabling translation
into the clinic. Finally, the finding that claudin-low tumors have an
enrichment of functional TICs challenges the popular paradigm
that TICs always need be a rare subpopulation (43).

Materials and Methods

Mice. All animal protocols were reviewed and approved by the Animal
Protocol Review Committee at Baylor College of Medicine and University of
North Carolina, Chapel Hill.

Preparation of Single Cells. Tumors were processed and digested into single
cells as previously described (12). The cells were resuspended in HBSS (Invi-
trogen) containing 2% FBS and 10 mM Hepes buffer (Invitrogen) before
labeling with antibodies.

Flow Cytometry. Cells were labeled with antibodies (Dataset S5) at a concen-
tration of 10 x 10° cells/mL under optimized conditions and were subjected to
FACS analysis and sorting on an ARIA Il sorter (BD Biosciences). Data analysis was
performed using FlowJo (v9.1).
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Transplantation. Clearance of mammary epithelial cells and transplantation
procedures were performed as previously described (44). After FACS, the
designated number of cells were washed once with PBS and transplanted into
the cleared fat pads of 21-d-old female BALB/c mice (Harlan).

Microarray Analysis. Total RNA was collected from 45 murine tumors and
purified using the Qiagen RNeasy Mini Kit using ~25 mg tissue. Two micro-
grams of total RNA was reverse transcribed, amplified, and labeled with Cy5
using a Low RNA Input Amplification kit (Agilent). The common reference
RNA (45) was reverse transcribed, amplified, and labeled with Cy3. They were
then cohybridized overnight to Agilent Mouse Oligo 4x44K Microarrays. Fi-
nally, they were washed and scanned on an Agilent scanner (G2505B) and
uploaded into the database, where a Lowess normalization is automatically
performed. The genes for all analyses were filtered by requiring the Lowess
normalized intensity values in both channels to be >10. The log, ratio of Cy5/
Cy3 was then reported for each gene. In the final dataset, only genes that
reported values in 70% or more of the samples were included.
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