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Abstract

Background: Although numerous mouse models of breast carcinomas have been developed, we
do not know the extent to which any faithfully represent clinically significant human phenotypes.
To address this need, we characterized mammary tumor gene expression profiles from |3 different
murine models using DNA microarrays and compared the resulting data to those from human
breast tumors.

Results: Unsupervised hierarchical clustering analysis showed that six models (TgWAP-Myc,
TgMMTV-Neu, TgMMTV-PyMT, TgWAP-Int3, TgWAP-Tag, and TgC3(l)-Tag) yielded tumors with
distinctive and homogeneous expression patterns within each strain. However, in each of four
other models (TgWAP-T,,,, TsMMTV-Wntl, Brca [ /C, TgMMTV-Cre;p53*-and DMBA-induced),
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tumors with a variety of histologies and expression profiles developed. In many models, similarities
to human breast tumors were recognized, including proliferation and human breast tumor subtype
signatures. Significantly, tumors of several models displayed characteristics of human basal-like
breast tumors, including two models with induced Brcal deficiencies. Tumors of other murine
models shared features and trended towards significance of gene enrichment with human luminal
tumors; however, these murine tumors lacked expression of estrogen receptor (ER) and ER-
regulated genes. TgMMTV-Neu tumors did not have a significant gene overlap with the human
HER2+/ER- subtype and were more similar to human luminal tumors.

Conclusion: Many of the defining characteristics of human subtypes were conserved among the
mouse models. Although no single mouse model recapitulated all the expression features of a given
human subtype, these shared expression features provide a common framework for an improved
integration of murine mammary tumor models with human breast tumors.

Background

Global gene expression analyses of human breast cancers
have identified at least three major tumor subtypes and a nor-
mal breast tissue group [1]. Two subtypes are estrogen recep-
tor (ER)-negative with poor patient outcomes [2,3]; one of
these two subtypes is defined by the high expression of
HER2/ERBB2/NEU (HER2+/ER-) and the other shows
characteristics of basal/myoepithelial cells (basal-like). The
third major subtype is ER-positive and Keratin 8/18-positive,
and designated the 'luminal’ subtype. This subtype has been
subdivided into good outcome Tuminal A' tumors and poor
outcome Tuminal B' tumors [2,3]. These studies emphasize
that human breast cancers are multiple distinct diseases, with
each of the major subtypes likely harboring different genetic
alterations and responding distinctly to therapy [4,5]. Fur-
ther similar investigations may well identify additional sub-
types useful in diagnosis and treatment; however, such
research would be accelerated if the relevant disease proper-
ties could be accurately modeled in experimental animals.
Signatures associated with specific genetic lesions and biolo-
gies can be causally assigned in such models, potentially
allowing for refinement of human data.

Significant progress in the ability to genetically engineer mice
has led to the generation of models that recapitulate many
properties of human cancers [6]. Mouse mammary tumor
models have been designed to emulate genetic alterations
found in human breast cancers, including inactivation of
TP53, BRCA1, and RB, and overexpression of MYC and
HER2/ERBB2/NEU. Such models have been generated
through several strategies, including transgenic overexpres-
sion of oncogenes, expression of dominant interfering pro-
teins, targeted disruption of tumor suppressor genes, and by
treatment with chemical carcinogens [7]. While there are
many advantages to using the mouse as a surrogate, there are
also potential caveats, including differences in mammary
physiologies and the possibility of unknown species-specific
pathway differences. Furthermore, it is not always clear
which features of a human cancer are most relevant for dis-
ease comparisons (for example, genetic aberrations, histolog-

ical features, tumor biology). Genomic profiling provides a
tool for comparative cancer analysis and offers a powerful
means of cross-species comparison. Recent studies applying
microarray technology to human lung, liver, or prostate car-
cinomas and their respective murine counterparts have
reported commonalities [8-10]. In general, each of these
studies focused on a single or few mouse models. Here, we
used gene expression analysis to classify a large set of mouse
mammary tumor models and human breast tumors. The
results provide biological insights among and across the
mouse models, and comparisons with human data identify
biologically and clinically significant shared features.

Results

Murine tumor analysis

To characterize the diversity of biological phenotypes present
within murine mammary carcinoma models, we performed
microarray-based gene expression analyses on tumors from
13 different murine models (Table 1) using Agilent microar-
rays and a common reference design [1]. We performed 122
microarrays consisting of 108 unique mammary tumors and
10 normal mammary gland samples (Additional data file 1).
Using an unsupervised hierarchical cluster analysis of the
data (Additional data file 2), murine tumor profiles indicated
the presence of gene sets characteristic of endothelial cells,
fibroblasts, adipocytes, lymphocytes, and two distinct epithe-
lial cell types (basal/myoepithelial and luminal). Grouping of
the murine tumors in this unsupervised cluster showed that
some models developed tumors with consistent, model-spe-
cific patterns of expression, while other models showed
greater diversity and did not necessarily group together. Spe-
cifically, the TSWAP-Myc, TgeMMTV-Neu, TgMMTV-PyMT,
TgWAP-Int3 (Notch4), TgWAP-Tag and TgC3(1)-Tag
tumors had high within-model correlations. In contrast,
tumors from the TgWAP-T,,,, TgMMTV-Wnt1, Brcaic/
Co; TgMMTV-Cre;p53*/-, and DMBA-induced models showed
diverse expression patterns. The ps537/- transplant model
tended to be homogenous, with 4/5 tumors grouping
together, while the Brca1+/-;p53+/-ionizing radiation (IR) and
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Summary of mouse mammary tumor models

Tumor model No. of tumors  Specificity of lesions Experimental oncogenic lesion(s) Strain  Reference
TgWAP-Myc 13 WAP* cMyc overexpression FVB [60]
TgWAP-Int3 7 WAP Notch4 overexpression FVB [61]
TgWAP-T,,, 5 WAP pRb, p107, p130 inactivation B6D2 [37]
TgWAP-T,,, 2 WAP pRb, p107, p130 inactivation BALB/c] [37]
TgWAP-Tag 5 WAP SV40 L-T (pRb, p107, p130, p53, p300 inactivation, C57Bl/6 [62]
others); SV40 s-t
TgC3(l)-Tag 8 C3(I)t SV40 L-T (pRb, p107, p130, p53, p300 inactivation, FVB [63]
others); SV40 s-t
TgMMTV-Neu 10 MMTV# Unactivated rat Her2 overexpression FVB [64]
TgMMTV-Whnt| I MMTV Whnt | overexpression FVB [65]
TgMMTV-PyMT 7 MMTV Py-MT (activation of Src, PI-3' kinase, and Shc) FVB [66]
TgMMTV-Cre;Brcal ColCo;p53+/- 10 MMTV Brcal truncation mutant; p53 heterozygous null C57Bl/6 [67]
p53-transplanted 5 None p53 inactivation BALB/cJ [68]
Medroxyprogesterone- I None Random DMBA-induced FVB [69]
DMBA-induced
p53+-irradiated None p53 heterozygous null, random IR induced BALB/cJ [70]
Brcal*-;p53*-irradiated 7 None Brcal and p53 heterozygous null, random IR induced  BALB/cJ [

*WAP, whey acidic protein promoter, commonly restricted to lactating mammary gland luminal cells. TC3(l), 5' flanking region of the C3(l)
component of the rat prostate steroid binding protein, expressed in mammary ductal cells. tMMTV, mouse mammary tumor virus promoter, often
expressed in virgin mammary gland epithelium, induced with lactation; often expressed at ectopic sites (for example, lymphoid cells, salivary gland,

others).

p53+/- IR models showed somewhat heterogeneous features
between tumors; yet, 6/7 Breait/~;p53+/-IR and 5/7 p53+/- IR
were all present within a single dendrogram branch.

As with previous human tumor studies [1,3], we performed an
'intrinsic' analysis to select genes consistently representative
of groups/classes of murine samples. In the human studies,
expression variation for each gene was determined using bio-
logical replicates from the same patient, and the 'intrinsic
genes' identified by the algorithm had relatively low variation
within biological replicates and high variation across individ-
uals. In contrast, in this mouse study we applied the algo-
rithm to groups of murine samples defined by an empirically
determined correlation threshold of > 0.65 using the dendro-
gram from Additional data file 2. This 'intrinsic' analysis
yielded 866 genes that we then used in a hierarchical cluster
analysis (Figure 1 and Additional data file 3 for the complete
cluster diagram). This analysis identified ten potential groups
containing five or more samples each, including a normal
mammary gland group (Group I) and nine tumor groups
(designated Groups II-X).

In general, these ten groups were contained within four main
categories that included (Figure 1b, left to right): the normal
mammary gland samples (Group I) and tumors with mesen-
chymal characteristics (Group II); tumors with basal/myoep-
ithelial features (Groups III-V); tumors with luminal
characteristics (Groups VI-VIII); and tumors containing
mixed characteristics (Groups IX and X). Group I contained
all normal mammary gland samples, which showed a high

level of similarity regardless of strain, and was characterized
by the high expression of basal/myoepithelial (Figure 1e) and
mesenchymal features, including vimentin (Figure 1g). Group
IT samples were derived from several models (2/10 Brecai¢o/
Co;,TeMMTV-Cre;p53*/-, 3/11 DMBA-induced, 1/5 p537/-
transplant, 1/7 ps53*/- IR, 1/10 TgMMTV-Neu and 1/7
TgWAP-T,,,) and also showed high expression of mesenchy-
mal features (Figure 1g) that were shared with the normal
samples in addition to a second highly expressed mesenchy-
mal-like cluster that contained snail homolog 1 (a gene impli-
cated in epithelial-mesenchymal transition [11]), the latter of
which was not expressed in the normal samples (Figure 1f).
Two TgWAP-Myc tumors at the extreme left of the dendro-
gram, which showed a distinct spindloid histology, also
expressed these mesenchymal-like gene features. Further evi-
dence for a mesenchymal phenotype for Group II tumors
came from Keratin 8/18 (K8/18) and smooth muscle actin
(SMA) immunofluorescence (IF) analyses, which showed that
most spindloid tumors were K8/18-negative and SMA-posi-
tive (Figure 21).

The second large category contained Groups III-V, with
Group III (4/11 DMBA-induced and 5/11 Wnt1), Group IV (7/
7 Brca1+/~;p53+/-IR, 4/10 Brcaie/Co;TgMMTV-Cre;p53*/-, 4/
6 p53+/-IR and 3/11 Wnt1) and Group V (4/5 p537/-transplant
and 1/6 p53*/-IR), showing characteristics of basal/myoepi-
thelial cells (Figure 1d, e). These features were encompassed
within two expression patterns. One cluster included Keratin
14, 17 and LY6D (Figure 1d); Keratin 17 is a known human
basal-like tumor marker [1,12], while LY6D is a member of
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Figure | (see previous page)

Mouse models intrinsic gene set cluster analysis. (a) Overview of the complete 866 gene cluster diagram. (b) Experimental sample associated dendrogram
colored to indicate ten groups. (c) Luminal epithelial gene expression pattern that is highly expressed in TgMMTV-PyMT, TgMMTV-Neu, and TgWAP-myc
tumors. (d) Genes encoding components of the basal lamina. (€) A second basal epithelial cluster of genes, including Keratin 5. (f) Genes expressed in
fibroblast cells and implicated in epithelial to mesenchymal transition, including snail homolog 1. (g) A second mesenchymal cluster that is expressed in
normals. See Additional data file 2 for the complete cluster diagram with all gene names.

the Ly6 family of glycosylphosphatidylinositol (GPI)-
anchored proteins that is highly expressed in head and neck
squamous cell carcinomas [13]. This cluster also contained
components of the basement membrane (for example, Lam-
inins) and hemidesmosomes (for example, Envoplakin and
Desmoplakin), which link the basement membrane to cyto-
plasmic keratin filaments. A second basal/myoepithelial clus-
ter highly expressed in Group III and IV tumors and a subset
of DMBA tumors with squamous morphology was character-
ized by high expression of ID4, TRIM29, and Keratin 5 (Fig-
ure 1e), the latter of which is another human basal-like tumor
marker [1,12]. This gene set is expressed in a smaller subset of
models compared to the set described above (Figure 1d), and
is lower or absent in most Group V tumors. As predicted by
gene expression data, most of these tumors stained positive
for Keratin 5 (K5) by IF (Figure 2g-k).

The third category of tumors (Groups VI-VIII) contained
many of the 'homogenous' models, all of which showed a
potential Tuminal' cell phenotype: Group VI contained the
majority of the TgMMTV-Neu (9/10) and TgMMTV-PyMT
(6/7) tumors, while Groups VII and VIII contained most of
the TgWAP-Myc tumors (11/13) and TgWAP-Int3 samples
(6/7), respectively. A distinguishing feature of these tumors
(in particular Group VI) was the high expression of XBP1
(Figure 1c), which is a human luminal tumor-defining gene
[14-17]. These tumors also expressed tight junction structural
component genes, including Occludin, Tight Junction Pro-
tein 2 and 3, and the luminal cell K8/18 (Additional data file
2). IF for K8/18 and K5 confirmed that these tumors all exclu-
sively expressed K8/18 (Figure 2b-f).

Finally, Group IX (1/10 Brcai€/Co;TeMMTV-Cre;p53*/-, 4/7
TgWAP-T,,, tumors and 5/5 TgWAP-Tag tumors) and Group
X (8/8 TgC3(1)-Tag) tumors were present at the far right and
showed 'mixed' characteristics; in particular, the Group IX
tumors showed some expression of luminal (Figure 1c), basal
(Figure 1d) and mesenchymal genes (Figure 1f), while Group
X tumors expressed basal (Figure 1e,f) and mesenchymal
genes (Figure 1f,g).

IF analyses showed that, as in humans [12,18], the murine
basal-like models tended to express K5 while the murine
luminal models expressed only K8/18. However, some of the
murine basal-like models developed tumors that harbored
nests of cells of both basal (K5+) and luminal (K8/18+) cell
lineages. For example, in some TgMMTV-Wnt1 [19], DMBA-
induced (Figure 2g,i), and Brcai-deficient strain tumors, dis-
tinct regions of single positive K5 and K8/18 cells were

observed within the same tumor. Intriguingly, in some
BrecaiCo/Co; TgMMTV-Cre;p53+/- samples, nodules of double-
positive K5 and K8/18 cells were identified, suggestive of a
potential transition state or precursor/stem cell population
(Figure 2j), while in some TgMMTV-Wnt1 (Figure 2h) [19]
and Brcai-deficient tumors, large regions of epithelioid cells
were present that had little to no detectable K5 or K8/18
staining (data not shown).

The reproducibility of these groups was evaluated using 'con-
sensus clustering' (CC) [20]. CC using the intrinsic gene list
showed strong concordance with the results sown in Figure 1
and supports the existence of most of the groups identified
using hierarchical clustering analysis (Additional data file 4).
However, our further division of some of the CC-defined
groups appears justified based upon biological knowledge.
For instance, hierarchical clustering separated the normal
mammary gland samples (Group I) and the histologically dis-
tinct spindloid tumors (Group II), which were combined into
a single group by CC. Groups VI (TgMMTV-Neu and PyMT)
and VII (TgWAP-Myc) were likewise separated by
hierarchical clustering, but CC placed them into a single cate-
gory. CC was also performed using all genes that were
expressed and varied in expression (taken from Additional
data file 2), which showed far less concordance with the
intrinsic list-based classifications, and which often separated
tumors from individual models into different groups (Figure
3¢, bottom most panel); for example, the TgMMTV-Neu
tumors were separated into two or three different groups,
whereas these were distinct and single groups when analyzed
using the intrinsic list. This is likely due to the presence or
absence of gene expression patterns coming from other cell
types (that is, lymphocytes, fibroblasts, and so on) in the 'all
genes' list, which causes tumors to be grouped based upon
qualities not coming from the tumor cells [1].

Mouse-human combined unsupervised analysis

The murine gene clusters were reminiscent of gene clusters
identified previously in human breast tumor samples. To
more directly evaluate these potential shared characteristics,
we performed an integrated analysis of the mouse data pre-
sented here with an expanded version of our previously
reported human breast tumor data. The human data were
derived from 232 microarrays representing 184 primary
breast tumors and 9 normal breast samples also assayed on
Agilent microarrays and using a common reference strategy
(combined human datasets of [21-23] plus 58 new patients/
arrays). To combine the human and mouse datasets, we first
used the Mouse Genome Informatics database to identify
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Figure 2

Immunofluorescence staining of mouse samples for basal/myoepithelial and luminal cytokeratins. (a) Wild-type (wt) mammary gland stained for Keratins 8/
18 (red) and Keratin 5 (green) shows K8/18 expression in luminal epithelial cells and K5 expression in basal/myoepithelial cells. (b-f) Mouse models that
show luminal-like gene expression patterns stained with K8/18 (red) and K5 (green). (g-k) Tumor samples that show basal-like, or mixed luminal and basal
characteristics by gene expression, stained for K8/18 (red) and K5 (green). (j) A subset of Brcal /€ TgMMTV-Cre;p53*-tumors showing nodules of K5/
K8/18 double positive cells. (I) A splindloid tumor stained for K8/18 (red) and smooth muscle actin (green).

well-annotated mouse and human orthologous genes. We  cluster of the mouse and human combined data (Figure 3 and
then performed a distance weighted discrimination correc-  Additional data file 5 for the complete cluster diagram).

tion, which is a supervised analysis method that identifies

systematic differences present between two datasets and  This analysis identified many shared features, including clus-
makes a global correction to compensate for these global  ters that resemble the cell-lineage clusters described above.
biases [24]. Finally, we created an unsupervised hierarchical ~ Specifically, human basal-like tumors and murine Breai*/-
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;053+/5IR, BreaiCe/Co;TgMMTV-Cre;p53+/-, TSMMTV-Wnti,
and some DMBA-induced tumors were characterized by the
high expression of Laminin gamma 2, Keratins 5, 6B, 13, 14,
15, TRIM29, c-KIT and CRYAB (Figure 3b), the last of which
is a human basal-like tumor marker possibly involved in
resistance to chemotherapy [25]. As described above, the
Brcai+/-;p53+/-;IR, some Brcai€/Co;TgMMTV-Cre;p53*/,
DMBA-induced, and TgMMTV-Wnt1 tumors stained positive
for K5 by IF, and human basal-like tumors tend to stain posi-
tive using a K5/6 antibody [1,12,18,26], thus showing that
basal-like tumors from both species share K5 protein expres-
sion as a distinguishing feature.

The murine and human Tuminal tumor' shared profile was
not as similar as the shared basal profile, but did include the
high expression of SPDEF, XBP1 and GATA3 (Figure 3c), and
both species' luminal tumors also stained positive for K8/18
(Figure 2 and see [18]). For many genes in this luminal clus-
ter, however, the relative level of expression differed between
the two species. For example, some genes were consistently
high across both species’ tumors (for example, XBP1, SPDEF
and GATA3), while others, including TFF, SLC39A6, and
FOXA1, were high in human luminal tumors and showed
lower expression in murine tumors. Of note is that the human
luminal epithelial gene cluster always contains the Estrogen-
Receptor (ER) and many estrogen-regulated genes, including
TFF1 and SLC39A6 [22]; since most murine mammary
tumors, including those profiled here, are ER-negative, the
apparent lack of involvement of ER and most ER-regulated
genes could explain the difference in expression for some of
the human luminal epithelial genes that show discordant
expression in mice.

Several other prominent and noteworthy features were also
identified across species, including a "proliferation’ signature
that includes the well documented proliferation marker Ki-67
(Figure 3e) [1,27,28] and an interferon-regulated pattern
(Figure 3f) [27]. The proliferation signature was highest in
human basal-like tumors and in the murine models with
impaired pRb function (that is, Group IX and X tumors). Cur-
rently, the growth regulatory impact of interferon-signaling
in human breast tumors is not understood, and murine mod-
els that share this expression feature (TgMMTV-Neu,
TgWAP-Tag, p537/- transplants, and spindloid tumors) may
provide a model for future studies of this pathway. A fibro-
blast profile (Figure 3g) that was highly expressed in murine
samples with spindloid morphology and in the TSWAP-Myc
'spindloid’ tumors was also observed in many human luminal
and basal-like tumors; however, on average, this profile was
expressed at lower levels in the murine tumors, which is con-
sistent with the relative epithelial to stromal cell proportions
seen histologically.

Through these analyses we also discovered a potential new
human subtype (Figure 3, top line-yellow group, and Addi-
tional data file 6). This subtype, which was apparent in both
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the human only and mouse-human combined dataset, is
referred to as the 'claudin-low' subtype and is characterized
by the low expression of genes involved in tight junctions and
cell-cell adhesion, including Claudins 3, 4, 7, Occludin, and E-
cadherin (Figure 3d). These human tumors (n = 13) also
showed low expression of luminal genes, inconsistent basal
gene expression, and high expression of lymphocyte and
endothelial cell markers. All but one tumor in this group was
clinically ER-negative, and all were diagnosed as grade II or
III infiltrating ductal carcinomas (Additional data file 7 for
representative hematoxylin and eosin images); thus, these
tumors do not appear to be lobular carcinomas as might be
predicted by their low expression of E-cadherin. The
uniqueness of this group was supported by shared mesenchy-
mal expression features with the murine spindloid tumors
(Figure 3g), which cluster near these human tumors and also
lack expression of the Claudin gene cluster (Figure 3d). Fur-
ther analyses will be required to determine the cellular origins
of these human tumors.

A common region of amplification across species

The murine C3(1)-Tag tumors and a subset of human basal-
like tumors showed high expression of a cluster of genes,
including Krasz2, Ipo8, Ppfibp1, Surb, and Cmas, that are all
located in a syntenic region corresponding to human chromo-
some 12p12 and mouse chromosome 6 (Figure 3h). Kras2
amplification is associated with tumor progression in the
C3(1)-Tag model [29], and haplo-insufficiency of Kras2
delays tumor progression [30]. High co-expression of Kras2-
linked genes prompted us to test whether DNA copy number
changes might also account for the high expression of Kras2
among a subset of the human tumors. Indeed, 9 of 16 human
basal-like tumors tested by quantitative PCR had increased
genomic DNA copy numbers at the KRAS2 locus; however, no
mutations were detected in KRAS2 in any of these 16 basal-
like tumors. In addition, van Beers et al. [31] reported that
this region of human chromosome 12 is amplified in 47% of
BRCAz1-associated tumors by comparative genomic hybridi-
zation analysis; BRCA1-associated tumors are known to
exhibit a basal-like molecular profile [3,32]. In cultured
human mammary epithelial cells, which show basal/myoepi-
thelial characteristics [1,33], both high oncogenic H-ras and
SV40 Large T-antigen expression are necessary for transfor-
mation [34]. Taken together, these findings suggest that
amplification of KRAS2 may either influence the cellular phe-
notype or define a susceptible target cell type for basal-like
tumors.

Mouse-human shared intrinsic features

To simultaneously classify mouse and human tumors, we
identified the gene set that was in common between a human
breast tumor intrinsic list (1,300 genes described in Hu et al.
[21]) and the mouse intrinsic list developed here (866 genes).
The overlap of these two lists totaled 106 genes, which when
used in a hierarchical clustering analysis (Figure 4) identifies
four main groups: the leftmost group contains all the human
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Figure 3 (see previous page)

Unsupervised cluster analysis of the combined gene expression data for 232 human breast tumor samples and 122 mouse mammary tumor samples. (a) A
color-coded matrix below the dendrogram identifies each sample; the first two rows show clinical ER and HER?2 status, respectively, with red = positive,
green = negative, and gray = not tested; the third row includes all human samples colored by intrinsic subtype as determined from Additional data file 6;
red = basal-like, blue = luminal, pink = HER2+/ER-, yellow = claudin-low and green = normal breast-like. The remaining rows correspond to murine
models indicated at the right. (b) A gene cluster containing basal epithelial genes. (c) A luminal epithelial gene cluster that includes XBPI and GATA3. (d) A
second luminal cluster containing Keratins 8 and 18. (e) Proliferation gene cluster. (f) Interferon-regulated genes. (g) Fibroblast/mesenchymal enriched
gene cluster. (h) The Kras2 amplicon cluster. See Additional data file 5 for the complete cluster diagram.

basal-like, 'claudin-low', and 5/44 HER2+/ER- tumors, and
the murine C3(1)-Tag, TgWAP-Tag, and spindloid tumors.
The second group (left to right) contains the normal samples
from both humans and mice, a small subset (6/44) of human
HER2+/ER- and 10/92 luminal tumors, and a significant
portion of the remaining murine basal-like models. By clini-
cal criteria, nearly all human tumors in these two groups were
clinically classified as ER-negative.

The third group contains 33/44 human HER2+/ER- tumors
and the murine TgMMTV-Neu, MMTV-PyMT and TgWAP-
Myc samples. Although the human HER2+/ER- tumors are
predominantly ER-negative, this comparative genomic anal-
ysis and their keratin expression profiles as assessed by
immunohistochemistry, suggests that the HER2+/ER-
human tumors are Tuminal’ in origin as opposed to showing
basal-like features [18]. The fourth and right-most group is
composed of ER-positive human luminal tumors and, lastly,
the mouse TgWAP-Int3 (Notch4) tumors were in a group by
themselves. These data show that although many mouse and
human tumors were located on a large dendrogram branch
that contained most murine luminal models and human
HER2+/ER- tumors, none of the murine models we tested
showed a strong human 'luminal’ phenotype that is character-
ized by the high expression of ER, GATA3, XBP1 and FOXA1.
These analyses suggest that the murine luminal models like
MMTV-Neu showed their own unique profile that was a rela-
tively weak human luminal phenotype that is missing the ER-
signature. Presented at the bottom of Figure 4 are biologically
important genes discussed here, genes previously shown to be
human basal-like tumor markers (Figure 4¢), human luminal
tumor markers, including ER (Figure 4d), and HER2/
ERBB2/NEU (Figure 4e).

A comparison of gene sets defining human tumors and
murine models

We used a second analysis method called gene set enrichment
analysis (GSEA) [35] to search for shared relationships
between human tumor subtypes and murine models. For this
analysis, we first performed a two-class unpaired significance
analysis of microarray (SAM) [36] analysis for each of the ten
murine groups defined in Figure 1, and obtained a list of
highly expressed genes that defined each group. Next, we per-
formed similar analyses using each human subtype versus all
other human tumors. Lastly, the murine lists were compared
to each human subtype list using GSEA, which utilizes both
gene list overlap and gene rank (Table 2). We found that the

murine Groups IX (p = 0.004) and X (p = 0.001), which com-
prised tumors from pRb-deficient/p53-deficient models,
shared significant overlap with the human basal-like subtype
and tended to be anti-correlated with human luminal tumors
(p = 0.083 and 0.006, respectively). Group III murine tumors
(TgMMTV-Wnt1 mostly) significantly overlapped human
normal breast samples (p = 0.008), possibly due to the
expression of both luminal and basal/myoepithelial gene
clusters in both groups. Group IV (Brcai-deficient and Wnt1)
showed a significant association (p = 0.058) with the human
basal-like profile. The murine Group VI (TgMMTV-Neu and
TgMMTV-PyMT) showed a near significant association (p =
0.078) with the human luminal profile and were anti-corre-
lated with the human basal-like subtype (p = 0.04). Finally,
the murine Group II spindloid tumors showed significant
overlap with human 'claudin-low' tumors (p = 0.001), which
further suggests that this may be a distinct and novel human
tumor subtype.

We also performed a two-class unpaired SAM analysis using
each mouse model as a representative of a pathway perturba-
tion using the transgenic 'event' as a means of defining
groups. Models that yielded a significant gene list (false dis-
covery rate (FDR) = 1%) were compared to each human sub-
type as described above (Additional data file 8). The models
based upon SV40 T-antigen (all C3(1)-Tag and WAP-Tag
tumors) shared significant overlap with the human basal-like
tumors (p = 0.002) and were marginally anti-correlated with
the human luminal class. The BRCA1 deficient models (all
Brca1t/-;p53+/- IR and Breai€o/Co;TgMMTV-Cre;p53+/-
tumors) were marginally significant with human basal-like
tumors (p = 0.088). The TeMMTV-Neu tumors were nomi-
nally significant (before correction for multiple comparisons)
with human luminal tumors (p = 0.006) and anti-correlated
with human basal-like tumors (p = 0.027).

The two most important human breast tumor biomarkers are
ER and HER2; therefore, we also analyzed these data relative
to these two markers. Of the 232 human tumors assayed here,
137 had ER and HER2 data assessed by immunohistochemis-
try and microarray data. As has been noted before [3,18,21],
there is a very high correlation between tumor intrinsic sub-
type and ER and HER2 clinical status (p < 0.0001): for exam-
ple, 81% of ER+ tumors were of the luminal phenotype, 63%
of HER2+ tumors were classified as HER2+/ER-, and 80% of
ER- and HER2- tumors were of the basal-like subtype. Using
GSEA, we compared the ten mouse classes as defined in Fig-
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Figure 4 (see previous page)

Cluster analysis of mouse and human tumors using the subset of genes common to both species intrinsic lists (106 total genes). (a) Experimental sample
associated dendrogram color coded according to human tumor subtype and with a matrix below showing murine tumor origins. (b) The complete 106
gene cluster diagram. (c) Close-up of genes known to be important for human basal-like tumors. (d) Close-up of genes known to be important for human

luminal tumors, including ER. (e) Expression pattern of HER2/ERBB2/NEU.

ure 1 (Additional data file 9) and the mouse model-based gene
lists (Additional data file 10) to the human data/gene lists
that were obtained by performing supervised analyses based
upon human ER and HER2 status (please note that analyses
using HER2 status alone (that is, HER2+ versus HER2-), and
ER+ and HER2+ versus others were not included as human
classes because HER2 status alone yielded genes on only the
HER2 amplicon, and the ER+ and HER2+ classification did
not yield a significant gene list). We found that the murine
Groups IX (p = 0.009) and X (p = 0.003) tumors shared
significant overlap with ER- HER2- human tumors and were
significantly anti-correlated with human ER+ tumors (p =
0.024 and 0.043, respectively). Group VI murine samples
(TgMMTV-Neu and TgMMTV-PyMT) likewise showed the
same trend of enrichment with ER+ human tumors and anti-
correlation with the ER- HER2- class. Although not perfect,

Table 2

these GSEA results are consistent with our observations from
Figures 1 and 3 and again demonstrate that the basal-like pro-
file is robustly shared between humans and mice, while the
luminal profile shows some shared and some distinct features
across species.

Discussion

Gene expression profiling of murine tumors and their com-
parison to human tumors identified characteristics relevant
to individual murine models, to murine models in general,
and to cancers of both species. First was the discovery that
some murine models developed highly similar tumors within
models, while others showed heterogeneity in expression and
histological phenotypes. For the homogenous models, the
study of progression or response to therapy is simplified

Gene set enrichment analysis of the ten murine groups versus five human subtypes

R76.11

Basal-like Luminal HER2+/ER- Normal Claudin-low
Mouse class No. of genes p value  pvalue p value pvalue  pvalue  pvalue p value pvalue  p value p value
Is class
I 1,882 - - 0.4625 0.8755  0.5388 09137 0.1659 0.5628  0.0048 0.1028
Il 912 - - - - 0.5867  0.9609 - - 0.0021 0.001 -
11l 143 0.5289 0.9048 - - 0.5285  0.9047 0 0.008 - - g"
v 1,019 0 0.0581 - - - - - - - - o
\' 34 - - 0.8492 0.998 0.9324 0.999 - - 0.0427  0.09274 g
\ 820 - - 0.0062 0.0783  0.3536  0.7864 0.8653 0.9769 - - §
Vi 851 0.1258 0.3768 - - 0.5616 09137 - - - - 7:;_
\i 236 0.1449 0.6098 0.3483 0.8205 - - 0.01878  0.2349 - -
IX 462 0.0019 0.004 - - 0.56 0.9509 - - - -
X 338 0 0.001 - - 0.9275 0.998 - - - -
Is not class
| 1,882 0.0128 0.1662 - - - - - - - -
Il 912 0.3996 0.8348 0.8601 0.999 - - 0.3602 0.7655 - -
i 143 - - 0.3178 0.7259 - - - - 0.7628 0.991
v 1,019 - - 0.1833 0.6516 0.398 0.8427 0.224] 0.7255  0.1453 0.6116
\ 34 0.86 | - - - - 0.0656 0.1653 - -
\ 820 0 0.04 - - - - - - 0.1043 0.4444
Vil 851 - - 0.1733 0.5151 - - 0.5403 09128  0.1628 0.5215
Vil 236 - - - - 0.1131 0.5305 - - 0.6427 0.961
IX 462 - - 0.04305  0.0833 - - 0.022 0.037 0.2612 0.5936
X 338 - - 0.02236  0.0682 - - 0.1313 03717  0.5437 0.9489

Statistically significant findings are highlighted in bold. NOM = nominal.
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because confounding variation across individuals is low. An
example of this consistency even extended to secondary
events that occurred within the TgC3(1)-Tag model, where
many tumors shared the amplification and high expression of
Kras2 (Figure 3h) - a feature also evident in a subset of
human basal-like tumors.

In contrast to the 'homogenous' models are models such as
TgWAP-T,,, DMBA-induced and Brcai1©/c;TgMMTV-
Cre;p53*/-, where individual tumors within a given model
often showed different gene expression profiles and histolo-
gies. It is likely that these models fall into one of three scenar-
ios that could explain their heterogeneity: the first,
represented by the TeWAP-T,,, model [37], is that the trans-
gene is responsible only for initiating tumorigenesis, leaving
progression events to evolve stochastically and with longer
latency periods. Such a model would likely give rise to differ-
ent tumor subtypes depending on the subsequent pathways
that are disrupted during tumor progression. A second possi-
bility is that the initiating event generates genomic instability
such that multiple distinct pathways can be affected by the
experimental causal event, which may be the mechanism in
the Breai-inactivation tumors. The third scenario is that the
target cell of transformation is a multi-potent progenitor with
the ability to undergo differentiation into multiple epithelial
lineages, or even mesenchymal lineages (for example, DMBA-
induced and BrcaiC/Co;TgMMTV-Cre;p53+/-); support for
this hypothesis comes from Keratin IF analyses in which,
even within a histologically homogenous tumor, two types of
epithelial cells are present (Figures 2g-k). The presence of
subsets of individual cells positive for markers of two epithe-
lial cell types also supports this possibility (Figure 2j). Alter-
native hypotheses include the possibility that multiple cell
types sustain transforming events, and also that extensive
non-cell-autonomous tissue responses occur. Regardless of
the paradigm of transformation for these heterogeneous
models, the study of progression or therapeutic response will
best be accomplished by first sub-setting by subtype, and then
focusing on biological phenotypes.

There are at least two major applications for genomic com-
parisons between human tumors and their potential murine
counterparts. First, such studies should identify those models
that contain individual and/or global characteristics of a par-
ticular class of human tumors. Examples of important global
characteristics identified here include the classification of
murine and human tumors into basal and luminal groups. It
appears as if four murine models developed potential lumi-
nal-like tumors (TgMMTV-Neu, TgMMTV-PyMT, TgWAP-
Myc, and TgWAP-Int3), which is not surprising since both
MMTYV and WAP are thought to direct expression in differen-
tiated alveolar/luminal cells [38,39]; however, it should be
noted that the luminal profile across species was not statisti-
cally significant, likely due to the lack of ER and ER-regulated
genes in the murine luminal tumors. Several murine models
did show expression features consistent with human basal-
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like tumors, including the TgC3(1)-Tag, TgWAP-Tag and
Brcai-deficient models. The SV40 T-antigen used in the
TgC3(1)-Tag and TgWAP-Tag models inactivates p53 and
RB, which also appear to be two likely events that occur in
human basal-like tumors because these tumors are known to
harbor p53 mutations [2], have high mitotic grade and the
highest expression of proliferation genes (Figure 3) [2,3],
which are known E2F targets [40]. The proliferation signa-
ture in human breast cancers is itself prognostic [41], and is
also predictive of response to chemotherapy [42]. These data
suggest that human basal-like tumors might have impair-
ment of RB function and highlight an important shared fea-
ture of murine and human mammary carcinomas.

The finding that Breai loss (coincident with p53 mutation) in
mice gives rise to tumors with a basal-like phenotype is nota-
ble because humans carrying BRCA1 germline mutations also
develop basal-like tumors [3,32], and most human BRCA1
mutant tumors are p53-deficient [43,44]. These data suggest
a conserved predisposition of the basal-like cell type, or its
progenitor cell, to transform as a result of BRCA1, TP53, and
RB-pathway loss. Most DMBA-induced carcinomas also
showed basal-like cell lineage features, suggesting that this
cell type is also susceptible to DMBA-mediated tumorigene-
sis. Finally, some TgMMTV-Wnt1 tumors showed a combina-
tion of basal-like and luminal characteristics by gene
expression, which is consistent with the observation that
tumors of this model generally contain cells from both mam-
mary epithelial lineages [45].

The second major purpose of comparative studies is to deter-
mine the extent to which analyses of murine models can
inform the human disease and guide further discovery. An
example of murine models informing the human disease is
encompassed by the analysis of the new potential human sub-
type discovered here (that is, claudin-low subtype). Further
analysis will be necessary to confirm whether this is a bona
fide subtype; however, the statistically significant gene over-
lap with a histologically distinct subset of murine tumors sug-
gests it is a distinct biological entity. A second example of the
murine tumors guiding discovery in humans was the common
association of a K-Ras containing amplicon in a subset of
human basal-like tumors and in the murine basal-like
TgC3(1)-Tag strain tumors.

An important caveat to all comparative studies is that there
are clear biological differences between mice and humans,
which may or may not directly impact disease mechanisms. A
potential example of inherent species difference could be the
aforementioned biology associated with ER and its down-
stream pathway. In humans, ER is highly expressed in lumi-
nal tumors [1], with the luminal phenotype being
characterized by the high expression of some genes that are
ER-regulated like PR and RERG [22], and other luminal
genes that are likely GATA3-regulated, including AGR2 and
K8/18 [46]. In mice, ER expression is low to absent in all the
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tumors we tested, as is the expression of most human ER-
responsive genes. This finding is consistent with previous
reports that most late-stage murine mammary tumors are
ER-negative ([47] and references within). However, it should
be noted that two human luminal tumor-defining genes
(XBP1 and GATA3 [46], were both highly expressed in
murine luminal tumors (Additional data file 2). Taken
together, these data suggest that the human 'luminal’ profile
may actually be a combination of at least two profiles, one of
which is ER-regulated and another of which is GATA3-regu-
lated; support for a link between GATA3 and luminal cell ori-
gins comes from GATA3 loss studies in mice where the
selective loss of GATA3 in the mammary gland resulted in
either a lack of luminal cells, or a significant decrease in the
number and/or maturation of luminal cells [48,49]. These
results suggest that, in the mouse models tested here, the ER-
regulated gene cassette that is present in human luminal
tumors is missing, and that the GATA3-mediated luminal sig-
nature remains. Due to the partial luminal tumor signature in
mice, we believe that the murine luminal models, including
TgMMTV-Neu profiled here, best resemble human luminal
tumors and more specifically possibly luminal B tumors,
which are luminal tumors that express low amounts of ER
and show a poor outcome [2,3,21]. While human HER2+/ER-
subtype tumors and the murine TgMMTV-Neu, TgMMTV-
PyMT, and TgWAP-Myc fall next to each other in the intrin-
sic-shared cluster (Figure 4), all of the other data argue
against this association. A few murine ER-positive mammary
tumor models have been developed [50-53]; however, none of
these models were analyzed here.

Of note, many expression patterns detected in this study were
observed in only one species (Additional data file 5), and it is
possible that some of these differences may arise from techni-
cal limitations rather than reflect important biological differ-
ences. Comparison between two expression datasets,
especially when derived from different species, remains a
technical challenge. Thus, we acknowledge the possibility
that artifacts may have been introduced depending on the
data analysis methodology. However, we are confident that
the analyses described here identified many common and
biologically relevant clusters, including a proliferation, basal
epithelial, interferon-regulated and fibroblast signature, thus
showing that the act of data combining across species did
retain important features present within the individual data-
sets. There are many murine models of breast cancer that we
did not look at in this study and many more will be developed.
Like the 13 models we discussed here, we would expect that
some of these models will have overlapping gene expression
patterns with human subtypes while others will not. We
believe that additional studies with larger numbers of sam-
ples, including more diversity from each species, is war-
ranted. These analyses do confirm the notion that there is not
a single murine model that perfectly represents a human
breast cancer subtype; however, the murine models do show
shared features with specific human subtypes and it is these
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commonalties that will lay the groundwork for many future
studies.

Materials and methods

Murine and human tumors

The murine tumor samples were obtained from multiple par-
ticipating investigators, who all maintained the mice and har-
vested the murine tumors in the 0.5-1 cm stage following
internationally recognized guidelines. The details concerning
strain background, promoter, transgene, and specific alleles,
and so on, are provided in Additional data file 1. All human
tumor samples were collected from fresh frozen primary
breast tumors using Institutional Review Board (IRB)-
approved protocols and were profiled as described in [21-23].
The clinical and pathological information for these human
samples can be obtained at the University of North Carolina
Microarray Database (UMD) [54].

Microarray experiments

Total RNA was collected from murine tumors, and wild-type
mammary samples of both FVB and BALB/c inbred strains.
RNA was purified using the RNeasy Mini Kit (Qiagen Inc.,
Valencia, CA, USA) according to the manufacturer's protocol
using 20-30 mg tissue. RNA integrity was assessed using the
RNA 6000 Nano LabChip kit followed by analysis using a Bio-
analyzer (Agilent Technologies Inc., Santa Clara, CA, USA).
Total RNA (2.5 pg) was reverse transcribed, amplified and
labeled with Cys using a Low RNA Input Amplification kit
(Agilent). The common reference RNA sample for these
experiments consisted of total RNA harvested from equal
numbers of C57B16/J and 129 male and female day 1 pups (a
gift from Dr Cam Patterson, UNC). The reference RNA was
reverse transcribed, amplified, and labeled with Cy3. The
amplified sample and reference were co-hybridized overnight
to Agilent Mouse Oligo Microarrays (G4121A). They were
then washed and scanned on a GenePix 4000B scanner
(Molecular Devices Corporation, Sunnyvale, CA, USA), ana-
lyzed using GenePix 4.1 software and uploaded into our data-
base where a Lowess normalization is automatically
performed.

Microarray data analysis

All primary microarray data are available from the UMD [54],
and at the Gene Expression Omnibus under the series
GSE3165 (mouse and new human data), GSE1992, GSE2740
and GSE2741 (previously published human data) [55]. The
genes for all analyses were filtered by requiring the Lowess
normalized intensity values in both channels to be > 30. The
log, ratio of Cys5/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. The genes were median
centered and then hierarchical clustering was performed
using Cluster v2.12 [56]. For the murine unsupervised analy-
sis, and human-mouse unsupervised cluster analyses, we fil-
tered for genes that varied at least three-fold or more, in at
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least three or more samples. Average linkage clustering was
performed on genes and arrays and cluster viewing and dis-
play was performed using JavaTreeview v1.0.8 [57].

Mouse Intrinsic gene set analysis

Intrinsic 'groups’ of experimental samples were chosen based
upon having a Pearson correlation value of 0.65 or greater
from the unsupervised clustering analysis of the 122 murine
samples. The analysis was performed using the Intrinsic Gene
Identifier vi.0 by Max Diehn/Stanford University [1]. Techni-
cal replicates were removed from the file and the members of
every highly correlated node were given identical class num-
bers, giving every sample that fell outside the 0.65 correlation
cut-off a class of their own. Using these criteria, 16 groups of
samples were identified (see Additional data file 1 for these
groups) and a list of 866 'intrinsic' genes was selected using
the criteria of one standard deviation below the mean intrin-
sic gene value. A human intrinsic list of 1,300 genes was cre-
ated using a subset of 146 of the 232 samples used here, and
is described in Hu et al. [21].

Consensus clustering

CC [20] was performed locally using Gene Pattern 1.3.1 (built
Jan 6, 2005), which was downloaded from the Broad Institute
distribution website [58]. Analyses were performed on the
mouse dataset with all genes, and just with intrinsic genes
separately. Ranges for the number of K clusters (or the
focused number of classes) were from 2 to 15 to evaluate a
wide range of possible groups. Using a Euclidian distance
measure with average linkage, we re-sampled 1,000 times
with both column and row normalization.

Combining murine and human expression datasets
Orthologous genes were reported by Mouse Genome Infor-
matics (MGI 3.1) of The Jackson Laboratory. For both the
human and murine datasets, Locus Link IDs assigned to Agi-
lent oligo probe ID numbers were used to assign to MGI ID
numbers. In cases where a single gene was represented by
multiple probes, the median value of the redundant probes
was used. This led to a total of orthologous pairings of 14,680
Agilent probes. Prior to combining the two datasets, each was
column standardized to N(0,1), row median centered, and
probe identifiers were converted to MGI IDs. The intersection
of mouse and human MGI identifiers from genes that passed
filters (same as used above) in both datasets yielded 7,907
orthologous genes in the total combined dataset. This dataset
was next corrected for systemic biases using distance
weighted discrimination [24]. Finally, the combined dataset
was used for an average linkage hierarchical clustering
analysis.

Gene set enrichment analysis

We took the 232 human samples and classified them as basal-
like, luminal, HER2+/ER-, claudin-low, and normal breast-
like according to a clustering analysis of the human dataset
only (Additional data file 6), using the new intrinsic/UNC
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human gene list developed in Hu et al. [21]. Second, the
murine samples were also classified based upon their cluster-
ing pattern in Figure 1 that used the mouse intrinsic gene list,
and were assigned to Groups I-X. Two-class unpaired SAM
analysis was performed for each murine class separately ver-
sus all other classes using an FDR of 1% [36], resulting in 10
class-specific gene lists. Using only the set of highly expressed
genes that were associated with each analysis (and ignoring
the genes whose low expression correlated with a given class),
GSEA [35] was performed in R (v. 2.0.1) using the GSEA R
package [59]. The ten murine gene sets were then compared
to each human subtype-ranked gene set and significant
enrichments reported. For statistical strength of these enrich-
ments, GSEA uses family wise error rate (FWER) to correct
for multiple testing and FDR to reduce false positive report-
ing. The parameters used for all GSEA were: nperm = 1,000,
weighted.score.type = 1, nom.p.val.threshold = -1,
fwer.p.val.threshold = -1, fdr.q.val.threshold = 0.25, topgs =
12, adjust.FDR.q.val = FALSE, gs.size.threshold.min = 25,
gs.size.threshold.max = 2,000, reverse.sign = FALSE, pre-
proc.type = 0, random.seed = 3,338, perm.type = 0, fraction
=1, replace = FALSE.

Immunofluorescence

Paraffin-embedded sections (5 pm thick) were processed
using standard immunostaining methods. The antibodies
and their dilution were a-cytokeratin 5 (K5, 1:8,000, PRB-
160P, Covance, Berkeley, CA, USA), and a-cytokeratins 8/18
(Ker8/18, 1:450, GP11, Progen Biotecknik, Heidelberg, Ger-
many). Briefly, slides were deparaffinized and hydrated
through a series of xylenes and graded ethanol steps. Heat-
mediated epitope retrieval was performed in boiling citrate
buffer (pH 6.0) for 15 minutes, then samples cooled to room
temperature for 30 minutes. Secondary antibodies for
immunofluorescence were conjugated with Alexa Fluor-488
or -594 fluorophores (1:200, Molecular Probes, Invitrogen,
Carlsbad, CA, USA). IF samples were mounted with VectaSh-
ield Hardset with DAPI mounting media (Vector, Burlin-
game, CA, USA).

Human KRAS2 amplification assay

We performed real-time quantitative PCR and fluorescent
melting curve analyses using genomic DNAs from 16 basal-
like tumors, a normal breast tissue sample, 2 leukocyte DNA,
and 3 luminal tumors. DNA was extracted using the DNAeasy
kit (Qiagen) and amplification was performed on the LightCy-
cler using the following temperature parameters: 95°C, 8
minutes; 50 cycles of 57°C, 6 s; 72°C, 6 s; 95°C, 2 s; followed
by cooling to 60°C and a 0.1°C/s ramp to 97°C. Each PCR
reaction contained 7.5 ng template DNA in a 10 ul reaction
using the LightCycler Faststart DNA Master SYBR Green I kit
(Roche Applied Science, Indianapolis, IN, USA). Relative
DNA copy number for each gene was determined by import-
ing an external efficiency curve and using a 'normal’ breast
sample for a within-run calibrator. For each sample, the copy
number for KRAS2 was divided by the average copy number

Genome Biology 2007, 8:R76



http://genomebiology.com/2007/8/5/R76

of ACTB and G1P3. Amplification in any tumor was called if
the relative fold change was greater than three standard devi-
ations above the average of five control samples (two normal
leukocyte samples and three luminal tumors).

Additional data files

The following additional data are available with the online
version of this paper. Additional data file 1 is a table listing
mouse tumor and normal sample associated data, including
source, transgene and promoter information. Additional data
file 2 is a complete unsupervised cluster diagram of all mouse
tumors. Samples are colored according to mouse model from
which they were derived, and the genes were selected using a
variation filter of three-fold or more on three or more sam-
ples. Additional data file 3 ia a complete mouse models clus-
ter diagram using the 866 gene murine intrinsic gene list.
Additional data file 4 provides CC analyses applied to the
mouse models. (a) CC matrices generated using the 866 gene
mouse intrinsic list, by cluster numbers K = 2 through K = 15.
(b) Empirical cumulative distribution (CDF) plot corre-
sponding to the consensus matrices in the range K = 2 to 15.
(c) CC directly compared to the hierarchical clustering-based
results. The dendrogram from Figure 1 (using the intrinsic
gene set) is shown and immediately below is a colored matrix
showing sample assignments based upon the various number
of K clusters from the CC. By comparison, the analysis per-
formed on the mouse dataset using all genes (bottom matrix)
is presented. Additional data file 5 is a complete unsupervised
cluster diagram of the combined gene expression patterns of
232 human breast tumor samples and 122 mouse mammary
tumor samples. This unsupervised cluster analysis is based
upon the orthologous gene overlap between the human and
mouse microarrays, and then we selected for the subset of
genes that varied three-fold or more on three or more arrays.
Additional data file 6 shows a cluster analysis of the 232
human samples using the human intrinsic/UNC gene set
from Hu et al. [21]. This analysis was used to determine a
human samples subtype (basal-like, luminal, HER2+/ER-,
and so on), which was then used in the various SAM and
GSEA analyses. Samples are colored according to their sub-
type: red = basal-like, blue = luminal, pink = HER2+/ER-,
yellow = claudin-low and green = normal breast-like. Addi-
tional data file 7 shows a histological characterization of six
different human 'claudin-low' tumors using hematoxylin and
eosin sections. Additional data file 8 shows GSEA of murine
pathway models versus five human subtypes. Additional data
file 9 shows GSEA of ten murine classes versus clinical ER
status and HER2 status in ER negative patients. Additional
data file 10 shows GSEA of murine pathway models versus
clinical ER status and HER2 status in ER negative patients.

Acknowledgements

CMP was supported by funds from the NCI Breast SPORE program to
UNC-CH (P50-CA58223-09A1), by NCI (ROI-CA-101227-01), by the
Breast Cancer Research Foundation and by HHSN-261200433008C (NOI-

Genome Biology 2007,

Volume 8, Issue 5, Article R76 Herschkowitz et al.

CN43308). KS was supported by a grant from NIEHS (T32 ES07017) and
TVD was supported by NCI (ROI-CA046283-16). RG was supported by
NOI-CN15044, and PAF was supported by NOI-CN-05024/CN/NCI.
This research was supported in part by a grant from the Susan G Komen
Breast Cancer Foundation (LP) and SA). PHB was supported by funds from
ROI-CAI10121 1. We thank Beverly H Koller and Daniel Medina for gener-
ously providing tumor samples, and Ronald Lubet for assistance in obtaining
murine tumor samples.

References

l. Perou CM, Serlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA, Pol-
lack JR, Ross DT, Johnsen H, Akslen LA, et al.: Molecular portraits
of human breast tumours. Nature 2000, 406:747-752.

2. Sorlie T, Perou CM, Tibshirani R, Aas T, Geisler S, Johnsen H, Hastie
T, Eisen MB, van de Rijn M, Jeffrey SS, et al.: Gene expression pat-
terns of breast carcinomas distinguish tumor subclasses with
clinical implications. Proc Natl Acad Sci USA 2001, 98:10869-10874.

3. Sorlie T, Tibshirani R, Parker |, Hastie T, Marron JS, Nobel A, Deng S,
Johnsen H, Pesich R, Geisler S, et al.: Repeated observation of
breast tumor subtypes in independent gene expression
datasets. Proc Natl Acad Sci USA 2003, 100:8418-8423.

4. Rouzier R, Perou CM, Symmans WF, Ibrahim N, Cristofanilli M,
Anderson K, Hess KR, Stec ], Ayers M, Wagner P, et al.: Breast can-
cer molecular subtypes respond differently to preoperative
chemotherapy. Clin Cancer Res 2005, 11:5678-5685.

5.  Troester MA, Hoadley KA, Sorlie T, Herbert BS, Borresen-Dale AL,
Lonning PE, Shay JW, Kaufmann WK, Perou CM: Cell-type-specific
responses to chemotherapeutics in breast cancer. Cancer Res
2004, 64:4218-4226.

6. Van Dyke T, Jacks T: Cancer modeling in the modern era:
progress and challenges. Cell 2002, 108:135-144.

7.  Hennighausen L: Mouse models for breast cancer.
2000, 19:966-967.

8.  Ellwood-Yen K, Graeber TG, Wongvipat J, Iruela-Arispe ML, Zhang |,
Matusik R, Thomas GV, Sawyers CL: Myc-driven murine prostate
cancer shares molecular features with human prostate
tumors. Cancer Cell 2003, 4:223-238.

9. Lee]S, Chu IS, Mikaelyan A, Calvisi DF, Heo J, Reddy JK, Thorgeirsson
SS: Application of comparative functional genomics to iden-
tify best-fit mouse models to study human cancer. Nat Genet
2004, 36:1306-1311.

10. Sweet-Cordero A, Mukherjee S, Subramanian A, You H, Roix ], Ladd-
Acosta C, Mesirov ], Golub TR, Jacks T: An oncogenic KRAS2
expression signature identified by cross-species gene-
expression analysis. Nat Genet 2005, 37:48-55.

I'l.  Cano A, Perez-Moreno MA, Rodrigo |, Locascio A, Blanco M, del Bar-
rio MG, Portillo F, Nieto MA: The transcription factor snail con-
trols epithelial-mesenchymal transitions by repressing E-
cadherin expression. Nat Cell Biol 2000, 2:76-83.

12. van de Rijn M, Perou CM, Tibshirani R, Haas P, Kallioniemi O,
Kononen |, Torhorst ], Sauter G, Zuber M, Kochli OR, et al.: Expres-
sion of cytokeratins 17 and 5 identifies a group of breast car-
cinomas with poor clinical outcome. Am | Pathol 2002,
161:1991-1996.

13.  Colnot DR, Nieuwenhuis EJ, Kuik D), Leemans CR, Dijkstra J, Snow
GB, van Dongen GA, Brakenhoff RH: Clinical significance of
micrometastatic cells detected by E48 (Ly-6D) reverse tran-
scription-polymerase chain reaction in bone marrow of head
and neck cancer patients. Clin Cancer Res 2004, 10:7827-7833.

14.  Gruvberger S, Ringner M, Chen Y, Panavally S, Saal LH, Borg A, Ferno
M, Peterson C, Meltzer PS: Estrogen receptor status in breast
cancer is associated with remarkably distinct gene expres-
sion patterns. Cancer Res 2001, 61:5979-5984.

I15.  Sotiriou C, Neo SY, McShane LM, Korn EL, Long PM, Jazaeri A, Mar-
tiat P, Fox SB, Harris AL, Liu ET: Breast cancer classification and
prognosis based on gene expression profiles from a popula-
tion-based study. Proc Natl Acad Sci USA 2003, 100:10393-10398.

16. van 't Veer L), Dai H, van de Vijver M), He YD, Hart AA, Mao M,
Peterse HL, van der Kooy K, Marton M|, Witteveen AT, et al.: Gene
expression profiling predicts clinical outcome of breast
cancer. Nature 2002, 415:530-536.

17.  West M, Blanchette C, Dressman H, Huang E, Ishida S, Spang R, Zuzan
H, Olson JA Jr, Marks JR, Nevins JR: Predicting the clinical status
of human breast cancer by using gene expression profiles.
Proc Natl Acad Sci USA 2001, 98:11462-11467.

Oncogene

Genome Biology 2007, 8:R76

R76.15

-
o
®
e
I
o
o
-
I
4
0
8
8
[o]
>



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10963602
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10963602
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11553815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11553815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11553815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12829800
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12829800
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12829800
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16115903
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16115903
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16115903
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15205334
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15205334
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11832204
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11832204
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10713679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14522256
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14522256
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14522256
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15565109
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15565109
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608639
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608639
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608639
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10655586
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10655586
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10655586
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12466114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12466114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12466114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15585614
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15585614
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15585614
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11507038
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11507038
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11507038
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12917485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12917485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12917485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11823860
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11823860
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11823860
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11562467
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11562467

R76.16 Genome Biology 2007,

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Volume 8, Issue 5, Article R76

Livasy CA, Karaca G, Nanda R, Tretiakova MS, Olopade Ol, Moore
DT, Perou CM: Phenotypic evaluation of the basal-like subtype
of invasive breast carcinoma. Mod Pathol 2005, 19:264-271.

Li Y, Hively WP, Varmus HE: Use of MMTV-Wnt-| transgenic
mice for studying the genetic basis of breast cancer. Oncogene
2000, 19:1002-1009.

Monti S, Tamayo P, Mesirov |, Golub TR: Consensus clustering: a
resampling-based method for class discovery and visualiza-
tion of gene expression microarray data. Machine Learning
2003, 52:91-118.

Hu Z, Fan C, Oh DS, Marron JS, He X, Qagish BF, Livasy C, Carey LA,
Reynolds E, Dressler L, et al.: The molecular portraits of breast
tumors are conserved across microarray platforms. BMC
Genomics 2006, 7:96.

Oh DS, Troester MA, Usary |, Hu Z, He X, Fan C, Wu |, Carey LA,
Perou CM: Estrogen-regulated genes predict survival in hor-
mone receptor-positive breast cancers. | Clin Oncol 2006,
24:1656-1664.

Weigelt B, Hu Z, He X, Livasy C, Carey LA, Ewend MG, Glas AM,
Perou CM, Van't Veer LJ: Molecular portraits and 70-gene prog-
nosis signature are preserved throughout the metastatic
process of breast cancer. Cancer Res 2005, 65:9155-9158.
Benito M, Parker |, Du Q, Wu J, Xiang D, Perou CM, Marron JS:
Adjustment of systematic microarray data biases. Bioinformat-
ics 2004, 20:105-114.

Moyano )V, Evans R, Chen F, Lu M, Werner ME, Yehiely F, Diaz LK,
Turbin D, Karaca G, Wiley E, et al.: alphaB-Crystallin is a novel
oncoprotein that predicts poor clinical outcome in breast
cancer. | Clin Invest 2006, 116:261-270.

Nielsen TO, Hsu FD, Jensen K, Cheang M, Karaca G, Hu Z, Hernan-
dez-Boussard T, Livasy C, Cowan D, Dressler L, et al.: Immunohis-
tochemical and clinical characterization of the basal-like
subtype of invasive breast carcinoma. Clin Cancer Res 2004,
10:5367-5374.

Perou CM, Jeffrey SS, van de Rijn M, Rees CA, Eisen MB, Ross DT,
Pergamenschikov A, Williams CF, Zhu SX, Lee |C, et al.: Distinctive
gene expression patterns in human mammary epithelial
cells and breast cancers. Proc Natl Acad Sci USA 1999,
96:9212-9217.

Whitfield ML, Sherlock G, Saldanha AJ, Murray JI, Ball CA, Alexander
KE, Matese JC, Perou CM, Hurt MM, Brown PO, Botstein D: Identi-
fication of genes periodically expressed in the human cell
cycle and their expression in tumors. Mol Biol Cell 2002,
13:1977-2000.

Liu ML, Von Lintig FC, Liyanage M, Shibata MA, Jorcyk CL, Ried T,
Boss GR, Green JE: Amplification of Ki-ras and elevation of
MAP kinase activity during mammary tumor progression in
C3(1)/SV40 Tag transgenic mice. Oncogene 1998, 17:2403-241 1.
Liu ML, Shibata MA, Von Lintig FC, Wang W, Cassenaer S, Boss GR,
Green JE: Haploid loss of Ki-ras delays mammary tumor pro-
gression in C3 (1)/SV40 Tag transgenic mice. Oncogene 2001,
20:2044-2049.

van Beers EH, van Welsem T, Wessels LF, Li Y, Oldenburg RA, Dev-
ilee P, Cornelisse CJ, Verhoef S, Hogervorst FB, van't Veer L), Ned-
erlof PM: Comparative genomic hybridization profiles in
human BRCAI and BRCA2 breast tumors highlight
differential sets of genomic aberrations. Cancer Res 2005,
65:822-827.

Foulkes WD, Stefansson IM, Chappuis PO, Begin LR, Goffin JR, Wong
N, Trudel M, Akslen LA: Germline BRCAI mutations and a
basal epithelial phenotype in breast cancer. | Natl Cancer Inst
2003, 95:1482-1485.

Ross DT, Perou CM: A comparison of gene expression signa-
tures from breast tumors and breast tissue derived cell lines.
Dis Markers 2001, 17:99-109.

Elenbaas B, Spirio L, Koerner F, Fleming MD, Zimonjic DB, Donaher
JL, Popescu NC, Hahn WC, Weinberg RA: Human breast cancer
cells generated by oncogenic transformation of primary
mammary epithelial cells. Genes Dev 2001, 15:50-65.
Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gil-
lette MA, Paulovich A, Pomeroy SL, Golub TR, Lander ES, Mesirov JP:
Gene set enrichment analysis: a knowledge-based approach
for interpreting genome-wide expression profiles. Proc Natl
Acad Sci USA 2005, 102:15545-15550.

Tusher VG, Tibshirani R, Chu G: Significance analysis of micro-
arrays applied to the ionizing radiation response. Proc Natl
Acad Sci USA 2001, 98:5116-5121.

Simin K, Wu H, Lu L, Pinkel D, Albertson D, Cardiff RD, Van Dyke T:

Herschkowitz et al.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.
55.

56.

57.
58.
59.

http://genomebiology.com/2007/8/5/R76

pRb inactivation in mammary cells reveals common mecha-
nisms for tumor initiation and progression in divergent
epithelia. PLoS Biol 2004, 2:E22.

Hennighausen LG, Sippel AE: Mouse whey acidic protein is a
novel member of the family of 'four-disulfide core' proteins.
Nucleic Acids Res 1982, 10:2677-2684.

Munoz B, Bolander FF Jr: Prolactin regulation of mouse mam-
mary tumor virus (MMTYV) expression in normal mouse
mammary epithelium. Mol Cell Endocrinol 1989, 62:23-29.
Rhodes DR, Kalyana-Sundaram S, Mahavisno V, Barrette TR, Ghosh
D, Chinnaiyan AM: Mining for regulatory programs in the can-
cer transcriptome. Nat Genet 2005, 37:579-583.

Perreard L, Fan C, Quackenbush JF, Mullins M, Gauthier NP, Nelson
E, Mone M, Hansen H, Buys SS, Rasmussen K, et al.: Classification
and risk stratification of invasive breast carcinomas using a
real-time quantitative RT-PCR assay. Breast Cancer Res 2006,
8:R23.

Paik S, Tang G, Shak S, Kim C, Baker J, Kim W, Cronin M, Baehner
FL, Watson D, Bryant |, et al.: Gene expression and benefit of
chemotherapy in women with node-negative, estrogen
receptor-positive breast cancer. | Clin Oncol 2006, 24:3726-34.
Crook T, Brooks LA, Crossland S, Osin P, Barker KT, Waller J, Philp
E, Smith PD, Yulug |, Peto }, et al: p53 mutation with frequent
novel codons but not a mutator phenotype in BRCAI- and
BRCA2-associated breast tumours. Oncogene 1998,
17:1681-1689.

Phillips KA, Nichol K, Ozcelik H, Knight J, Done S), Goodwin PJ,
Andrulis IL: Frequency of p53 mutations in breast carcinomas
from Ashkenazi Jewish carriers of BRCAI| mutations. | Natl
Cancer Inst 1999, 91:469-473.

Li Y, Welm B, Podsypanina K, Huang S, Chamorro M, Zhang X, Row-
lands T, Egeblad M, Cowin P, Werb Z, et al.: Evidence that trans-
genes encoding components of the Wnt signaling pathway
preferentially induce mammary cancers from progenitor
cells. Proc Natl Acad Sci USA 2003, 100:15853-15858.

Usary J, Llaca V, Karaca G, Presswala S, Karaca M, He X, Langerod A,
Karesen R, Oh DS, Dressler LG, et al: Mutation of GATA3 in
human breast tumors. Oncogene 2004, 23:7669-7678.

Medina D: Mammary developmental fate and breast cancer
risk. Endocr Relat Cancer 2005, 12:483-495.

Kouros-Mehr H, Slorach EM, Sternlicht MD, Werb Z: GATA-3
maintains the differentiation of the luminal cell fate in the
mammary gland. Cell 2006, 127:1041-1055.

Asselin-Labat ML, Sutherland KD, Barker H, Thomas R, Shackleton M,
Forrest NC, Hartley L, Robb L, Grosveld FG, van der Wees |, et al.:
Gata-3 is an essential regulator of mammary-gland morpho-
genesis and luminal-cell differentiation. Nat Cell Biol 2006,
9:201-9.

Wijnhoven SW, Zwart E, Speksnijder EN, Beems RB, Olive KP, Tuve-
son DA, Jonkers |, Schaap MM, van den Berg J, Jacks T, et al: Mice
expressing a mammary gland-specific R270H mutation in
the p53 tumor suppressor gene mimic human breast cancer
development. Cancer Res 2005, 65:8166-8173.

Frech MS, Halama ED, Tilli MT, Singh B, Gunther EJ, Chodosh LA,
Flaws JA, Furth PA: Deregulated estrogen receptor alpha
expression in mammary epithelial cells of transgenic mice
results in the development of ductal carcinoma in situ. Cancer
Res 2005, 65:681-685.

Lin SC, Lee KF, Nikitin AY, Hilsenbeck SG, Cardiff RD, Li A, Kang
KW, Frank SA, Lee WH, Lee EY: Somatic mutation of p53 leads
to estrogen receptor alpha-positive and -negative mouse
mammary tumors with high frequency of metastasis. Cancer
Res 2004, 64:3525-3532.

Torres-Arzayus M, Font de Mora J, Yuan J, Vazquez F, Bronson R,
Rue M, Sellers WR, Brown M: High tumor incidence and activa-
tion of the PI3K/AKT pathway in transgenic mice define
AIBI as an oncogene. Cancer Cell 2004, 6:263-274.

The UNC Microarray Database [https://genome.unc.edu/]
Gene Expression Omnibus (GEO) [htep://
www.ncbi.nlm.nih.gov/geo/]

Eisen MB, Spellman PT, Brown PO, Botstein D: Cluster analysis
and display of genome-wide expression patterns. Proc Natl
Acad Sci USA 1998, 95:14863-14868.

Saldanha AJ: Java Treeview - extensible visualization of micro-
array data. Bioinformatics 2004, 20:3246-3248.

Gene Pattern 1.3  [http://www.broad.mit.edu/cancer/software/
genepattern/]
Gene Set Enrichment Analysis

(GSEA) [http://

Genome Biology 2007, 8:R76


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10713683
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10713683
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16643655
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16643655
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16505416
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16505416
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16230372
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16230372
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16230372
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14693816
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14693816
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16395408
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16395408
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16395408
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15328174
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15328174
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15328174
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10430922
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10430922
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10430922
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12058064
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12058064
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12058064
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9811472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9811472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9811472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11360188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11360188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15705879
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15705879
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15705879
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14519755
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14519755
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11673656
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11673656
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11156605
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11156605
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11156605
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16199517
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16199517
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16199517
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11309499
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11309499
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14966529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14966529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14966529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6896234
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6896234
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2545485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2545485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2545485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15920519
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15920519
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16626501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16626501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16626501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16720680
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16720680
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16720680
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9796697
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9796697
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9796697
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10070948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10070948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14668450
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14668450
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14668450
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15361840
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15361840
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16172188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16172188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17129787
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17129787
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17129787
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17187062
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17187062
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17187062
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16166291
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16166291
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16166291
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15705859
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15150107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15150107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15150107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15380517
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15380517
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15380517
https://genome.unc.edu/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9843981
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9843981
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15180930
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15180930
http://www.broad.mit.edu/cancer/software/genepattern/
http://www.broad.mit.edu/cancer/software/genepattern/
http://www.broad.mit.edu/gsea/

http://genomebiology.com/2007/8/5/R76 Genome Biology 2007,  Volume 8, Issue 5, Article R76 Herschkowitz et al. R76.17

www.broad.mit.edu/gsea/]

60. Sandgren EP, Schroeder JA, Qui TH, Palmiter RD, Brinster RL, Lee
DC: Inhibition of mammary gland involution is associated
with transforming growth factor alpha but not c-myc-
induced tumorigenesis in transgenic mice. Cancer Res 1995,
55:3915-3927.

61. Gallahan D, Jhappan C, Robinson G, Hennighausen L, Sharp R, Kor-
don E, Callahan R, Merlino G, Smith GH: Expression of a trun-
cated Int3 gene in developing secretory mammary
epithelium specifically retards lobular differentiation result-
ing in tumorigenesis. Cancer Res 1996, 56:1775-1785.

62. Husler MR, Kotopoulis KA, Sundberg JP, Tennent BJ, Kunig SV,
Knowles BB: Lactation-induced WAP-SV40 Tag transgene
expression in C57BL/6) mice leads to mammary carcinoma.
Transgenic Res 1998, 7:253-263.

63. Maroulakou IG, Anver M, Garrett L, Green JE: Prostate and mam-
mary adenocarcinoma in transgenic mice carrying a rat
C3(1) simian virus 40 large tumor antigen fusion gene. Proc
Natl Acad Sci USA 1994, 91:11236-11240.

64. Guy CT, Webster MA, Schaller M, Parsons TJ, Cardiff RD, Muller WJ:
Expression of the neu protooncogene in the mammary epi-
thelium of transgenic mice induces metastatic disease. Proc
Natl Acad Sci USA 1992, 89:10578-10582.

65. Tsukamoto AS, Grosschedl R, Guzman RC, Parslow T, Varmus HE:
Expression of the int-1 gene in transgenic mice is associated
with mammary gland hyperplasia and adenocarcinomas in
male and female mice. Cell 1988, 55:619-625.

66. Guy CT, Cardiff RD, Muller WJ: Induction of mammary tumors
by expression of polyomavirus middle T oncogene: a
transgenic mouse model for metastatic disease. Mol Cell Biol
1992, 12:954-961.

67. Xu X, Wagner KU, Larson D, Weaver Z, Li C, Ried T, Hennighausen
L, Wynshaw-Boris A, Deng CX: Conditional mutation of Brcal
in mammary epithelial cells results in blunted ductal mor-
phogenesis and tumour formation. Nat Genet 1999, 22:37-43.

68. Jerry DJ, Kittrell FS, Kuperwasser C, Laucirica R, Dickinson ES, Bonilla
PJ, Butel JS, Medina D: A mammary-specific model demon-
strates the role of the p53 tumor suppressor gene in tumor
development. Oncogene 2000, 19:1052-1058.

69. YinY, Bai R, Russell RG, Beildeck ME, Xie Z, Kopelovich L, Glazer RI:
Characterization of medroxyprogesterone and DMBA-
induced multilineage mammary tumors by gene expression
profiling. Mol Carcinog 2005, 44:42-50.

70. Backlund MG, Trasti SL, Backlund DC, Cressman VL, Godfrey V,
Koller BH: Impact of ionizing radiation and genetic back-
ground on mammary tumorigenesis in p53-deficient mice.
Cancer Res 2001, 61:6577-6582.

71. Cressman VL, Backlund DC, Hicks EM, Gowen LC, Godfrey V, Koller
BH: Mammary tumor formation in p53- and BRCA | -deficient
mice. Cell Growth Differ 1999, 10:1-10.

-
o
®
e
I
o
o
-
I
4
0
8
8
[o]
>

Genome Biology 2007, 8:R76


http://www.broad.mit.edu/gsea/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7641211
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7641211
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7641211
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8620493
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8620493
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8620493
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9859214
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9859214
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7972041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7972041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7972041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1359541
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1359541
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1359541
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3180222
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3180222
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3180222
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1312220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1312220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1312220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10319859
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10319859
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10319859
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10713689
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10713689
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10713689
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15937957
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15937957
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15937957
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11522657
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11522657
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9950212
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9950212

	Abstract
	Background
	Results
	Conclusion

	Background
	Table 1 

	Results
	Murine tumor analysis
	Mouse-human combined unsupervised analysis
	A common region of amplification across species
	Mouse-human shared intrinsic features
	A comparison of gene sets defining human tumors and murine models

	Discussion
	Materials and methods
	Murine and human tumors
	Microarray experiments
	Microarray data analysis
	Mouse Intrinsic gene set analysis
	Consensus clustering
	Combining murine and human expression datasets
	Gene set enrichment analysis
	Immunofluorescence
	Human KRAS2 amplification assay

	Additional data files
	Acknowledgements
	References

