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Abstract

progression has been to use relevant genetically engineered
mouse (GEM) models of mammary cancer in mouse-human
comparisons to identify evolutionarily conserved genetic
alterations shared in tumorigenesis in the two species.
Recent work from several groups has applied this analytic
approach to a number of cancer types, including breast
cancer. This review will focus on how cross-species comparisons of gene expression, genome copy number changes, and
bioinformatic analyses have improved our understanding of
how particular mammary cancer models represent specific
subtypes of human breast cancer. These analyses have led to
an increased understanding of the cellular origins of the
subtypes of breast cancer, distinctions between molecular
networks in different tumor subtypes, stem cell biology,
genes involved in metastatic progression, and improved
selection of GEM models for preclinical testing of preventive
and therapeutic strategies.

The application of high-throughput genomic technologies has
revealed that individual breast tumors display a variety of molecular
features that require more personalized approaches to treatment.
Several recent studies have demonstrated that a cross-species
analytic approach provides a powerful means to filter through
genetic complexity by identifying evolutionarily conserved genetic
networks that are fundamental to the oncogenic process. Mousehuman tumor comparisons will provide insights into cellular origins
of tumor subtypes, define interactive oncogenetic networks,
identify potential novel therapeutic targets, and further validate as
well as guide the selection of genetically engineered mouse
models for preclinical testing.

Introduction
Within the past decade, high-throughput genomic technologies have revolutionized the study of breast cancer.
Molecularly distinct tumor subtypes of human breast cancer
have been identified and appear to arise from distinct progenitor lineages. These subtypes display gene expression
signatures that are predictive for disease progression, prognosis, and response to therapy. Since survival rates for breast
cancer have improved relatively little over the past two
decades, this high-definition molecular characterization of
tumor subtypes has the potential to offer new avenues for
discovery of novel therapeutic targets to treat breast cancer.
However, genetic complexity in diverse human populations,
differences between experimental platforms, experimental
designs, and improper statistical analyses [1] have contributed to the tremendous challenges of identifying the functionally most significant gene signatures and genetic networks that are critical to the oncogenic process.
One approach to improving the discovery of important
genetic networks involved in cancer development and

Identification of evolutionarily conserved
genetic alterations in breast cancer subtypes
through mouse-human gene expression
comparisons
At least five molecularly distinct subtypes of breast cancer
have been identified through the use of high-throughput
genomic technologies [2,3]. While tumor subtypes still
segregate primarily by expression of estrogen receptor (ER),
p53, and ErbB2, the ‘intrinsic’ genetic signatures as defined
by microarray studies are more informative classifiers of tumor
subtypes. Importantly, predictors generated from this
genomic information provide a better means of identifying
patients who may not require adjuvant therapies or those
patients who may not benefit from particular types of
therapies, such as patients with ER+ tumors that do not
respond to selective ER modulators [3,4]. Additionally, mining

ECM = extracellular matrix; EGFR = epidermal growth factor receptor; ER = estrogen receptor; GEM = genetically engineered mouse; PR = progesterone receptor.
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genomic information will identify unique gene/pathway interactions that could be particularly useful for the development
of novel, combination, and individualized therapies. However,
screening and testing potentially important molecular targets in
human patients remain problematic due to patient accrual, long
time frames to complete trials, expense, and variability within
patient populations. In this regard, GEM models show great
promise in preclinical drug development, target validation, and
chemoprevention. Through the use of molecular analyses
employing global genomic technologies, mouse models that
represent particular subtypes of human breast cancer are
being identified for more rationally designed preclinical testing.
The identification of distinct expression signatures embedded
in mouse mammary tumor models has helped to decipher
how initiating genetic changes or carcinogens correlate with
particular subtypes of human breast cancer. GEM models of
mammary cancer are especially useful in this endeavor
because tumors arise from defined genetic changes with
relevance to human cancer, including the overexpression of
Myc, ErbB2, Ras, and Wnt, and loss of suppressor gene
functions for p53, Rb, BRCA1, and pTEN [5,6]. Identifying
GEM mammary tumors that have expression patterns similar
to human breast tumor subtypes is an important approach to
finding the evolutionarily conserved mechanisms of tumor
development. Additionally, it is likely that such cross-species
comparisons will provide important insights into cancer
progenitor lineages from which mammary tumors arise with
distinct biologic properties (that is, basal versus luminal and
ER+ versus ER– tumors). Indeed, studies comparing gene
expression signatures of GEM mammary tumor models to
human breast tumors have already begun to identify GEM
models that genetically recapitulate important molecular
features of particular subtypes of human breast cancer [7,8].

Gene expression changes
Hu and colleagues [9] used SAGE (serial analysis of gene
expression) technology to compare gene expression levels in
tumors derived from the mouse p53 null mammary transplant
model and human breast tumors and found that approximately 72 transcripts were dysregulated in both. Downregulation of specific cytokines (LIF, IL6, CXCL1, and CCL2)
was identified in mouse and human tumor samples as well as
similar changes in the expression of genes involved in
apoptosis, proliferation, and differentiation. These data
highlight some of the genetic similarities between mouse and
human breast cancer and support the use of GEM models as
an appropriate resource for better understanding human
breast cancer.
Extensive amounts of high-throughput gene expression array
data have been generated for human breast tumors and
similar data have been emerging for GEM mammary cancer
models. Comparing array data between species has been
extremely challenging for numerous technical and biologic
reasons. For instance, cellular compositions of human and
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GEM tumors may vary with human breast tumors often
containing substantially more stromal components than the
mouse tumors. Additionally, comparing data across different
array platforms where gene and probe compositions are not
identical raises important statistical challenges that are
beyond the scope of this review but that are considered
further elsewhere [10].
However, studies by Herschkowitz and colleagues [8] and
our laboratory [7] have revealed that gene expression signatures associated with individual GEM models of mammary
cancer express genetic profiles that are similar to particular
subtypes of human of breast cancer (Table 1). Herschkowitz
and colleagues [8] used gene expression profiling to
compare 13 different mouse models of mammary cancer with
human breast tumor data sets. Analyses of gene expression
stratified GEM and DMBA-induced mammary cancer models
into five groups: normal mammary gland, tumors with
mesenchymal characteristics, basal/myoepithelial, luminal,
and tumors with mixed characteristics.
Several GEM models display luminal features with expression
of Gata3, luminal keratins K8/18, and the luminal tumordefining gene XBP1, including tumors arising from MMTVNeu, MMTV-PyMT, WAP-Myc, and WAP-Int3 models [8].
However, unlike a substantial portion of human luminal
tumors, these models are ER–. This suggests that, in these
mouse models, GATA3 (a gene that is coexpressed with ER
in human tumors) may better identify the luminal subtype than
ER expression alone. This also indicates that GATA3
expression is not sufficient to activate ER expression [11-13].
However, several GEM models develop ER+ tumors,
including the p53fp/fp WAP-Cre conditional knockout [14], the
p53–/– transplant [15], MMTV-Wnt1 [16], and the MMTV-tTATAg-ERα conditional ER expression [17]. Our laboratory has
demonstrated that the ER+ tumors from the p53fp/fp Wap-Cre
conditional knockout model segregate with luminal type A
human tumors (A.M. Michalowski, T. Qiu, C. Kavanaugh, E.
Lee, D. Medina, X. Xu, C. Deng, J. Powell, J. Shih and J.
Green, unpublished data), whereas the status of the other
tumor models remains to be determined. These results raise
the important issue that the method of generating a GEM
model (knockout versus promoter-driven transgenic) is critical
for determining which cancer progenitor cells may be targeted
for transformation leading to basal or luminal phenotypes.
Another major subtype of breast cancer has been defined by
the expression of basal cell characteristics, including tumors
referred to as triple-negative (ER–, progesterone receptornegative [PR–], and ErbB2–), which generally have a poor
prognosis [18]. Several mouse models of mammary cancer
display basal-type characteristics and cluster with human
basal-type tumors, including Brca1+/–, p53+/–, irradiated [19],
Brca1co/co, TgMMTV-Cre, p53+/– [20], and some DMBAinduced tumors [7,8,21]. In particular, of the mouse models
studied, the expression signature of the C3(1)Tag GEM
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Table 1
Shared genetic and genomic features between mouse models of mammary cancer and human breast tumor subtypes

Mouse model

Shared features

Reference

p53fp/fp, WAP-Cre

ER+

A.M. Michalowska,
unpublished data

MMTV-Neu

ER–, K8/K18+, and XBP1+

Mouse genomic
changes

Reference

Chromosome 6

[21]

Chromosomes 4, 11,
14, 15, and X

[29]

Chromosomes 4
and 11

[32,33]

Luminal

K8/K18+,

XBP1+,

[7]

MMTV-PyMT

ER–,

GATA3+

[7]

WAP-Myc

ER–, K8/K18+, XBP1+, and GATA3+

[7]

WAP-Int3

ER–, K8/K18+, and GATA3+

[7]

C3(1)Tag

ER–, Her2–, kRAS2 amplification, K5+,
proliferation signature, and poor outcome

[6,7]

Brca1+/–, p53+/–, IR

K5+

[7]

WAP-Tag

Proliferation signature

[7]

WAP-T121

Proliferation signature

[7]

Brca1co/co, MMTV-Cre, p53+/–

K5+

[7]

DMBA-induced adenocarcinoma

K5+

[7]

ErbB2 amplification

[32]

K5+

[7]

Low expression: claudins 3, 4, and 7,
occlucdin, and e-cadherin

[7]

and

Basal-like

Her2/Neu
Conditional expression of endogenous
Neu and promoter driven-activated Neu
Normal breast
MMTV-Wnt1
Claudin-low
Tumors with spindle cell morphology,
including Brca1co/co, MMTV-Cre,
p53+/–, DMBA-induced spindle, and
p53 null transplant
ER, estrogen receptor.

model appears to most closely correlate to the human basallike subtype [8]. Because T antigen binds to and inactivates
tumor suppressor proteins Rb and p53, SV40-T/t-antigen
expression induces an aggressive and genetically relevant
oncogenic phenotype. In addition, Ki-ras amplification and
overexpression seem to spontaneously occur during tumor
progression in the C3(1)/Tag tumors and accelerate the
tumor phenotype [22]. Importantly, both human basal-like
and C3(1)Tag tumors have amplifications of human chromosome 12p12 (mouse chromosome 6), a region that contains
Ki-ras [8,22,23].
Comparing gene expression array data across species is
likely to reveal additional potentially important gene signatures involved in tumorigenesis. For instance, tumor samples
from the MMTV-Wnt1 mouse model express genes represented in both basal and luminal subtypes [8,24,25] and

cross-species analyses by Herschkowitz and colleagues [8]
classified MMTV-Wnt1 mammary tumors as ‘normal
mammary gland’. Interestingly, other studies suggest that
MMTV-Wnt1 tumors also express markers associated with
progenitor cell lineages [24,25], making it a potentially useful
model for isolating tumor progenitor cells.
Cross-species analyses also identified a new ‘claudin-low’
tumor subtype [8]. Claudin-low tumors are characterized by
reduced expression of genes involved in tight junctions and
cell-cell adhesion. Mouse models comprising this category
include those with spindle-like morphology, including some
DMBA-induced tumors, Brca1co/co, Tg MMTV-Cre, p53+/–
tumors, and tumors from p53 null transplant model. Whether
reanalysis of human breast tumor data sets uncovers the
claudin-low gene signature and differentiates responses to
particular treatments will be of great interest.
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Despite the ability of hierarchical clustering to indicate
important specific similarities between GEM models and
human subtypes of breast cancer, significant differences in
gene expression exist, even between mouse and human
tumors considered to represent the same subtype of
mammary cancer. These distinctions must be considered
when applying models to the study of human breast cancer.
Nonetheless, identifying the similarities in gene expression
and genetic pathways through a cross-species approach
highlights important conserved molecular changes involved in
oncogenesis.

tumors, is also present in a BRCA-deficient mouse model for
mammary cancer. Chromosomal gains/losses were found in
genomic regions for c-Myc, Rb1, and genes distal to ErbB2,
suggesting the influence of these oncogenes on BRCAassociated tumor development. Weaver and colleagues [29]
also reported that MMTV-myc mammary tumors have
genomic changes that are relevant to human mammary
tumors, including loss of whole chromosome 4, which
contains a region syntenic to human 1p31-36 and is often
lost in human breast tumors. Thus, distinctions in DNA copy
number changes may be important in relating GEM models to
subtypes of human breast cancer.

DNA copy number changes
The use of gene expression profiling to identify genetic
differences between normal and tumorigenic tissue is just
one way to uncover how global genetic changes influence
cancer development and progression. Another way to further
delineate oncogenes and molecular pathways associated
with tumorigenesis is through analysis of DNA copy number
aberrations, using array comparative genomic hybridization.
In human breast tumors, analyses comparing genome copy
number aberrations with gene expression signatures have
revealed distinct genomic patterns that correlate with tumor
subtype [26-28]. Bergamaschi and colleagues [26] reported
that high frequency of gains/losses throughout the genome is
characteristic of basal-like tumors whereas high-level DNA
amplifications are distinctive for luminal B subtype tumors.
ErbB2-associated tumors have characteristic amplification of
the ErbB2 locus in chromosome 17, and genomic profiles of
luminal A tumors are associated with amplifications in
chromosomes 1 and 16 [26]. A study by Adelaide and
colleagues [27] compared genomic alterations of basal-like
and luminal breast tumors and identified genomic changes
unique to the tumor subtypes. Genomic gains of chromosomes 10p and 12p13 are specific to basal-like tumors,
whereas gain of 11q13-14 is associated with luminal tumors
[27]. High-level amplification was also reported as a feature
of luminal tumors, especially in chromosome region 8p11-12
[27]. Moreover, Chin and colleagues [28] reported that
patients with amplification of three regions containing known
breast oncogenes 11q13(CCDN1), 17q12(ErbB2), and
20q13(ZNF217) have a poor prognosis and patients with loss
of 16q24-qtel have a good prognosis. These studies suggest
that a large number of genomic aberrations, as seen in basallike and luminal B tumors, correlate with poor prognosis.
GEM models of mammary cancer have not been extensively
studied for DNA copy number changes and their relationship
to subtypes of breast cancer. However, DNA copy number
changes have been assessed in a few GEM models of
mammary cancer and have revealed evolutionarily conserved
syntenic chromosomal changes [29-31].
Weaver and colleagues [31] reported that chromosomal
instability, in a pattern common to BRCA-associated breast
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Interestingly, GEM models with p53 loss do not demonstrate
the same degree of genomic instability as observed in human
breast tumors [29,32,33]. For example, tumor latency is
reduced when the WAP-T121 mouse model (a mammaryspecific transgenic model in which a fragment of SV40
T-antigen protein binds to and inactivates pRb) is crossed to
p53 heterozygous mice. However, analyses of genomic
changes in tumors from the WAP-T121, p53+/– show loss of
wildtype p53 allele at chromosome 11 but with minimal
increases in other DNA aberrations. Thus, DNA copy number
changes may reflect the mechanism of oncogenesis
employed in the design of the GEM model. For example,
Andrechek and colleagues [34] reported that the GEM
mammary tumor model induced by endogenous promoterdriven ErbB2 expression induces mammary tumors with DNA
amplification similar to human ErbB2-amplified breast tumors
[30]. Such genomic changes are not found in MMTV-ErbB2
mice, suggesting that the ErbB2 model, developed using the
endogenous ErbB2 promoter, is more representative of
human ErbB2-amplified breast tumors in this regard [30,35].
This difference may be associated with the fact that high
expression of oncogenes, as seen using the MMTV promoter,
may require fewer genomic alterations for tumorigenesis than
present in models based upon endogenous promoter-driven
gene expression or loss of suppressor gene functions,
especially those involved in genome stability such as p53 and
BRCA1. Overall, it appears that DNA copy number changes
are less prevalent in the oncogene-driven GEM models
compared with models in which genetic alterations lead to
genomic instability [36]. This distinction in rate of tumor
progression and accumulation of genetic mutations between
GEM models and human breast tumors is important and
should be considered when choosing GEM models to represent subtypes of human breast cancer.

Applying mouse-human gene expression
analyses to identify genetic markers of
metastatic potential and poor prognosis
Breast cancer metastasis is the major risk factor for poor
prognosis and accounts for more than 90% of patient
mortality. However, little is understood about why some
patients develop metastatic disease whereas other patients
do not. The study of molecular mechanisms involved in the
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metastatic process is limited by the difficulty in obtaining
multiple tissue samples from the same patient over the
course of disease, particularly once metastases have developed. GEM models, though, offer important advantages in
studying the metastatic process, including large sample
number and the ability to study tumor progression by
collecting samples at distinct tumor stages. While existing
models of mammary cancer metastases are limited in GEM
systems, several models have been extremely informative and
have shed important insights into genetic factors that are
involved in human metastases.

Genetic signatures of metastasis
Gene expression profiles have led to the discovery of
predictors that improve the identification of patients at high
risk of developing metastatic disease. Importantly, such
predictors can be gleaned from gene expression measured in
primary breast tumors, indicating that metastatic propensity is
predetermined in large part by genetic changes pre-existing
in the primary tumor [37-41].
Ma and colleagues [42], using laser capture microscopy to
separate cells from pathologically distinct stages of tumor
progression, determined that tumor cells have very similar
gene expression profiles within a patient sample set. Thus,
tumor cells isolated from atypical ductal hyperplasia, ductal
carcinoma in situ, and invasive ductal carcinoma appear
clonal and do not exhibit large changes in gene expression
during tumor progression [42]. Similar findings were also
demonstrated in the C3(1)/Tag model of mammary cancer
[43] and in the PyMT mammary intraepithelial neoplasiaoutgrowth (MIN-O) transplant model [44]. In both mouse
models, analysis of early lesions versus invasive carcinoma
revealed relatively few genetic changes with mammary tumor
progression [43,44]. Indeed, the dynamics of gene expression changes during tumor progression appear similar in
GEM models and human cancer.
The fact that relatively few expression changes are observed
between preinvasive and invasive cancer suggests that
nongenetic factors, perhaps influenced by the microenvironment [45,46], are instrumental for tumor progression,
metastases, and the regulation of the dormant-to-proliferative
switch of disseminated tumor cells in disease recurrence
[47]. In fact, many genes identified in signatures related to
human breast cancer metastases are associated with proteins
found in the extracellular matrix (ECM) [38,39,48-50],
suggesting that the ECM may strongly influence metastatic
cell survival and growth. Several ECM genes, including
Col1a2, Col1a1, Fbn1, MMP-2, Sparc, lamininα5, and
tenascin-C, have similarly been identified in expression
signatures related to metastases in mouse mammary cancer
models [51-54]. Moreover, it has been reported that gene
expression profiling using 278 ECM-related genes can
predict clinical outcome and recurrence in patients with
invasive breast tumors [55], suggesting that the composition

of ECM in the primary tumor is a highly relevant factor of
metastasis.
Tumor progression is also affected by paracrine signaling
from neighboring fibroblasts and myoepithelial cells. Allinen
and colleagues [46] identified gene expression changes
within the various cell types comprising normal, ductal carcinoma in situ, and invasive breast cancer. Interestingly, tumor
myofibroblasts and tumor myoepithelial cells overexpress
CXCL14 and CXCL12 chemokines. Receptors for these
chemokines are found on epithelial cells, allowing for crosstalk between cell types to promote tumor proliferation and
invasion. Such findings suggest that tumor progression is
associated with both intrinsic changes within the tumor cells
as well as through stimuli from cells within the local
environment. It will be interesting to compare the results of
similar studies performed using various GEM models to
further uncover how cross-talk between epithelial cells and
surrounding stromal cells is altered by particular genetic
mutations induced in the epithelial tumor cells.
Gene expression signatures in primary breast tumors also
appear to contain information regarding organ specificity of
metastatic dissemination. Work from the laboratory of
Massague and colleagues [48,56] has identified gene
expression signatures in subpopulations of primary human
breast tumor cells that predict the organ site for distant
metastasis when implanted into immunocompromised mice.
Whether these genetic signatures are universal predictors of
future metastases for all primary breast tumors will be of great
interest.

Genetic modifiers of metastasis
One major finding revealed through GEM studies has been
the demonstration that the host genetic background can
greatly alter the incidence of metastases. When MMTV-PyMT
mice were crossed into different background strains, a great
range of metastatic propensities were observed between the
F1 hybrids [51]. Importantly, 16 out of 17 genes identified in
a human predictor of epithelial metastases were similarly
dysregulated in tumors from the mice with the high metastatic
propensity [38,51]. This suggests that similar molecular
mechanisms may be involved in human and mouse metastatic
disease and that genetic modifiers may be critical determinants for whether metastases will occur in human patients
[51,52,54,57]. These observations raise the important
concept that, depending upon the complement of modifier
genes, particular patients may be predisposed or resistant to
metastatic disease.
GEM models may also serve to further understand the roles
of prometastatic genes in tumor dissemination and growth.
For example, MMTV-myc mice predictably develop mammary
tumors with a low incidence of lung metastases [58,59]. We
have recently shown that, when these mice are crossed with
MMTV-VEGF mice, a significant increase in lung metastases
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is observed [53]. Comparisons of gene expression profiles
from primary tumors of MMTV-myc versus compound MMTVmyc, MMTV-VEGF mice demonstrated that VEGF induced a
significant number of genes, many of which were implicated
in metastases from human breast cancer studies, including
tenascin-C, MMP-2, collagen-6-A1, mannosidase-α-1A, and
HLA-DPA1 [49,53]. Interestingly, many of the dysregulated
genes are functionally involved in components of the ECM.
Thus, comparisons of expression data between mouse and
human tumors are helping to identify new genes potentially
involved in the metastatic process and validating others that
have been found through different experimental approaches.

Stem cells and cancer
The role of cancer stem cells in tumor growth and metastasis
has become an area of great interest in the field with important
implications for tumor treatment and resistance [60]. GEM
models can be used to enrich for tumor progenitor cells and
study molecular distinctions between progenitor and whole
tumor cell populations. Analyses of several GEM mammary
cancer models suggested that tumors from certain models may
be enriched for cells with stem cell characteristics compared
with other models. Li and colleagues [24,25] demonstrated
that MMTV-Wnt1 tumors express markers associated with
progenitor cell lineages, including keratin-6, Sca-1, CD44, and
CD24, making it a potentially useful model for isolating tumor
stem cells. Recent work from Zhang and colleagues [61] has
determined that a gene expression signature for a tumorinitiating cell population from a p53 mammary tumor knockout
model is enriched for genes involved in DNA damage response
and repair as well as for genes involved in epigenetic regulation
previously shown to be critical for stem cell self-renewal. This
model suggests that identification of biomarkers for cancer
stem cells may help to identify the population of cells that resist
chemotherapy and are metastatic with important implications
for understanding and overcoming resistance to chemotherapies for human tumors.
Interestingly, based upon the hypothesis that cancer stem
cells are enriched in metastatic tumors [62], Glinsky and
colleagues [63] identified a metastasis signature, through
comparison of primary and metastatic prostate tumors
isolated from transgenic mice that express SV40 T/t antigen,
and a stem cell signature, through evaluation of human
peripheral nervous system cells on a BMI-1+ and BMI-1–
genetic background [64,65]. Integration of the two signatures
revealed an 11-gene predictor that correlates with poor
prognosis in several human cancer data sets, including
breast cancer patients.

Use of cross-species analyses for
identification of novel therapeutic targets and
selection of genetically engineered mouse
models for preclinical testing
Standard practices for the diagnosis and characterization of
breast cancer rely on anatomical, histological, and immunoPage 6 of 10
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histochemical features of the tumor. In particular, determining
expression of ER, PR, and Her2 remains critical in tumor
classification and choosing optimal therapies. Too often,
however, existing treatments fail. Therefore, additional molecular
characterizations of breast tumors are required to further
dissect critical molecular pathways that determine the biology
and therapeutic response of tumors. The newer generation of
GEM models more accurately recapitulate genetic changes
in human breast cancer and therefore should be valuable in
drug target validation and preclinical testing. Additionally, as
conserved cancer genetic networks are identified through
cross-species analyses of gene expression, potential new
targets for therapy may be uncovered. Ideally, using these
GEM models to identify chemopreventive agents that may
reduce cancer risk or disease progression will be another
tremendous application of sophisticated models for translational research [66]. Such approaches, however, require
significant validation to demonstrate that GEM models have
predictive value for treating human breast cancer.

Genetically engineered mouse models for
drug target validation
GEM models with specific genetic alterations have been
used to test therapies that target specific genes or related
pathways. For instance, drugs that inhibit ErbB2 function or
vaccines targeting the overexpression of ErbB2 have been
tested in GEM models that overexpress ErbB2 [67,68].
Other biologic processes, such as angiogenesis, have been
successfully targeted in GEM models [69,70]. More recently,
the conditional expression of oncogenes in transgenic
animals has been used to determine whether the expression
of particular oncogenes must be sustained to maintain tumor
viability or whether cancer cells develop other compensatory
mechanisms for tumor survival [71-76]. If a tumor requires the
continued expression of the oncogene, the gene or pathway
would be a high-priority therapeutic target.
Several papers report that turning off the oncogene that
initiated cancer in transgenic mice (Neu, Myc, and Wnt-1)
following the emergence of primary or metastatic tumors
results in the rapid regression of tumors at both sites
[71,74,75]. This may indicate that these oncogene-driven
models do not develop significant genome instability and
secondary genetic alterations. However, mammary and metastatic tumors often recur in these mice independently of the
expression of the initiating oncogene, suggesting that some
cells have gained additional genetic alterations. These
findings suggest that regulation of initiating mutations may
not be sufficient to control tumorigenesis. This is likely due to
accumulation of additional alterations involving other
signaling pathways, including those controlled by p53,
K-ras2, and H-Ras1 [74,76], suggesting that cancer
therapies may require the targeting of multiple genes or
pathways. Cross-species comparisons of genomic changes
in mammary cancer may further enhance the discovery of
such additional cancer targets. Many GEM models, however,
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exhibit a relatively long latency for tumor development and
incur a considerable expense, making them unsuitable for
rapid high-throughput testing of therapies. The application of
an adapted method for tumor transplantation may be used to
take advantage of the precise genetic alterations designed
into the GEM models, but in a highly reproducible and
relatively rapid fashion [77].

New drug target identification using gene
networks
Comparisons between high-throughput genomic analyses of
inducible GEM models of mammary cancer and human breast
tumors will provide further molecular validation of specific
models as representative of certain subtypes of human breast
cancer [5,7,8]. These analyses will then identify molecular
targets dysregulated in GEM models that can be tested for
therapeutic effects and potentially translated to human trials.
For instance, a more thorough comparison of genetic
signatures within several SV40 Tag GEM models of cancer
revealed a conserved SV40-T/t-antigen tumor signature [7].
This 120-gene signature appears to be relatively specific to
molecular dysregulation induced by SV40-T/t antigen and is
less represented in mammary tumors induced by other
oncogenic mechanisms, although other models with basallike characteristics — Brca1co/co, MMTV-Cre, p53+/–, and
p53fl/fl MMTV-Cre — overlap in significant aspects of this
signature [7]. Many of the genes represented in the T/tantigen signature are functionally involved with cell cycle
regulation, proliferation, cell replication, DNA maintenance
and repair, and apoptosis. When analyzed for reported
functional relationships between the genes, 85 of 120 named
genes within the Tag signature formed highly integrated
networks with nodes centered on p53, Rb, and myc, with
additional subnetworks related to BRCA1 and apoptosis
genes. Importantly, cross-species analysis of the SV40 gene
signature with gene expression data from human breast
tumors demonstrated that the T/t-antigen signature identified
patients with basal-type tumors and poor prognosis.
Since the T/t-antigen signature identified about twice as
many genes related to the functional categories discussed
above as reported in studies limited to human expression
analyses [7], genomic information from mouse models can
clearly augment our molecular understanding of cancer
networks. This will likely be especially important in expanding
the discovery of potential therapeutic targets, particularly for
treatment of basal-like triple-negative breast tumors.
Identifying individual or combination therapies that can inhibit
this subtype of breast cancer using the C3(1)/Tag or other
models with basal-type characteristics — BRCA1–/–, p53+/–,
or p53–/– models — would provide an extremely important
advance in treating this aggressive form of the disease.
Hoadley and colleagues [78] recently observed that
epidermal growth factor receptor (EGFR) is overexpressed in

basal-type breast tumors. Studies of whether EGFR
inhibitors, perhaps in combination with other drugs, might be
efficacious against basal-type breast tumors could be studied
in appropriate GEM models representing this subtype of
breast cancer. Similarly, the p53fl/fl MMTV-Cre model for ER+
mammary tumors, which appears to represent the luminal
type A subtype of breast cancer (A.M. Michalowski,
unpublished data), may be useful for testing novel therapies
for this subtype of breast cancer. Additional distinctions for
other GEM models will emerge as such comparative crossspecies studies are expanded.

Chemoprevention
More focus will be given to GEM models for chemoprevention research, especially since they have demonstrated
their utility in testing preventative agents with translational
potential for several tumors [79-83]. GEM models of
mammary cancer that have defined courses of tumor
progression are excellent choices for prevention studies. For
example, treatment with rexinoids, which are vitamin A
analogs, prior to lesion development inhibits development of
malignant and premalignant mammary lesions in MMTVErbB2 mice [81,82]. Moreover, genes associated with
rexinoid treatment, including Id-1, IGFBP-6, and SCD-1, have
been identified by gene expression array analyses [84]. Such
data will be integral in identifying the genetic factors that may
be critical in preventing tumor progression and applicable to
human chemoprevention.

Conclusion
Through cross-species genomic studies, GEM models of
mammary cancer offer promising new approaches to study
mechanisms of oncogenesis, including the cellular origins of
tumors that appear to represent different lineages, the roles
of tumor progenitor cells, and genomic changes involved in
metastases and resistance to chemotherapies. Genomic data
from the mouse can serve as an important filter for human
data to help identify important changes at the level of DNA
copy number, gene transcription, and higher-order integrated
genetic networks including microRNAs. These approaches
have only recently been applied to analyses of breast cancer
[85]. As progress is made in this area, novel targets for
therapy or combination therapies will be uncovered and
appropriate GEM models will be used for preclinical testing
to greatly accelerate translational research for breast cancer.
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