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Abstract

Cross-species genomic analyses have proven useful for identifying common genomic alterations
that occur in human cancers and mouse models designed to recapitulate human tumor
development. High-throughput molecular analyses provide a valuable tool for identifying
particular animal models that may represent aspects of specific subtypes of human cancers.
Corresponding alterations in gene copy number and expression in tumors from mouse and human
suggest that these conserved changes may be mechanistically essential for cancer development
and progression, and therefore, they may be critical targets for therapeutic intervention. Using a
cross-species analysis approach, mouse models in which the functions of p53, Rb, and BRCA1
have been disrupted demonstrate molecular features of human, triple-negative (ER-, PR-, and
ERBB2-), basal-type breast cancer. Using mouse tumor models based on the targeted abrogation
of p53 and Rb function, we identified a large, integrated genetic network that correlates to poor
outcome in several human epithelial cancers. This gene signature is highly enriched for genes
involved in DNA replication and repair, chromosome maintenance, cell cycle regulation, and
apoptosis. Current studies are determining whether inactivation of specific members within this
signature, using drugs or siRNA, will identify potentially important new targets to inhibit triple-
negative, basal-type breast cancer for which no targeted therapies currently exist.
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Introduction

Despite enormous efforts, there have been relatively few promising new therapies for the
treatment of breast cancer over the past decade. Although new agents have been developed,
testing in a clinical setting takes many years and is limited by tremendous expense.
Additionally, testing of combination therapies adds another level of complexity to the
relatively limited numbers of patients who will participate in protocols. Model systems for
preclinical testing, including cell lines and human xenografts implanted into mice, have been
used to test whether new agents interfere with predicted molecular targets and inhibit tumor
growth, but these systems have had limited success in predicting response in human patients
(Talmadge et al. 2007).

Such disparities between the results of preclinical testing and outcome in clinical trials have
impeded progress in treating cancer. However, the application of high-throughput genomic
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approaches to the study of cancer, including gene expression profiling and array
comparative genomic hybridization (CGH), has provided more detailed molecular insights
into tumor biology. Gene expression profiling identifies alterations in gene expression that
constitute the cancer transcriptome, whereas array CGH reveals copy number alterations in
the genome of the tumor. Importantly, comparison of gene expression data with array CGH
data enhances our understanding of how cancer evolves and what is required for survival of
the cancer cell. For instance, overexpression of particular genes may be attributed to whole
chromosome gains, regions of chromosomal amplification, whereas chromosomal deletions
may indicate the selective loss of tumor suppressor genes.

Gene expression profiling analyses of genetically engineered mouse (GEM) models of
mammary cancer have begun to identify models that represent particular molecular subtypes
of human breast cancer (Deeb et al. 2007; Herschkowitz et al. 2007). These data provide
strong rationales for choosing particular GEM models in preclinical testing regimens and
thus may better represent human breast tumor response to therapy. Future comparisons using
array CGH and miRNA analyses will likely further define in what ways the models
recapitulate specific molecular features of human breast cancer. This symposium report will
highlight and update the advances of cross-species genomic analyses on understanding the
biology of breast cancer for improved therapy testing (Bennett and Green 2008).

Defining Breast Cancer Subtypes Based on the Tumor Transcriptome

Breast cancer diagnosis and therapy regimens are, in part, determined based on expression
of several genetic markers, including estrogen receptor (ER), progesterone receptor (PR),
and ERBB2 (Her2, Neu) (Figure 1). Although these markers provide a basis for selecting
particular drugs as part of the treatment of patients, - ER+ (estrogen antagonist), amplified
ERBB?2 (tratuzumab; ERBB2 humanized monoclonal antibody), tumors lacking these
markers (ER-, PR-, ERBB2-) currently can only be treated using a nontargeted therapy
approach, primarily conventional chemotherapy. Moreover, many tumors expressing ER or
ERBB?2 do not respond as predicted, suggesting that the molecular phenotypes of these
tumors are more complex and additional predictors and targets will need to be identified. In
fact, analyses of breast tumor RNA by gene expression profiling has determined that breast
tumors may be categorized into at least 5 major molecular categories based on distinct
genetic signatures: luminal A, luminal B, basal, ERBB2+, and normal-like (Sorlie et al.
2001). Importantly, these transcriptome-based classifiers better predict overall prognosis
than previous methods (van ‘t Veer et al. 2002; van de Vijver et al. 2002). Based on these
findings, microarray chips, containing a subset of the predictor genes (Buyse et al. 2006;
Glas et al. 2006), are actively being tested in clinical trials for utility as personalized
prognostic biomarkers for overall risk and therapy response (Dowsett and Dunbier 2008).

Breast cancer survival appears to be defined, in part, by the apparent luminal or basal
lineage phenotype of the tumor. Luminal A tumors tend to have the best prognosis, whereas
basal subtype and ERBB2-positive tumors generally have worse outcomes (Figure 1).
Differences in survival are also attributed to the availability of targeted therapies for luminal
A and ERBB2-amplified tumors and the absence of a responsive molecular target for basal
subtype tumors. A subset of basal-type breast tumors responds well to standard
chemotherapy, yet a significant portion of patients do not respond or develop recurrence
within a few years (Cleator et al. 2007). Therefore, treatments against basal TN (triple-
negative) breast cancer are urgently needed.

Classifying breast tumors by molecular subtype has also provided a new means to assess
relevance of particular GEM models of mammary cancer. Our lab and others have used
cross-species gene expression profiling to delineate which GEM models genetically
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represent subtypes of breast cancer (Deeb et al. 2007; Dourdin et al. 2008; Herschkowitz et
al. 2007; Schade et al. 2009). Although there are many challenges to comparing large
genomic data sets between species, defined bio-informatic protocols have eased many of
these concerns and yielded datasets of high statistical confidence (Hoenerhoff et al. 2009).
This research approach will undoubtedly lead to better choice of models for preclinical
testing of targeted therapies.

Several GEM models of mammary cancer have been designated as luminal based on a gene
expression signature that is conserved across species, including GATAS3, keratin 8, keratin
18, and Xbp1l. Genetically engineered mouse tumors with some luminal features include
MMTV-Neu, MMTV-PyMT, WAP-Myc, WAP-Int3, and K14-cre; ApcCK*’* GEM models
(Herschkowitz et al. 2007; Kuraguchi et al. 2009). Interestingly, very few GEM models of
mammary cancer develop tumors that would be considered ER positive by most human
pathologists. Estrogen receptor expression is closely associated with human luminal A-type
breast cancer, but it is markedly decreased or not expressed in tumors falling into the
luminal B category. Why most mammary tumor mouse models lack ER expression is
unclear. The reason may be, in part, the manner in which the genetic lesions have been
modeled in the mice. Most transgenic models have used the MMTV LTR to drive
expression, which may preferentially be transcribed in progenitor tumor cells that do not
express ER. This may possibly be the reason why MMTV-Neu and MMTV-PyMT tumors
express luminal markers rather than clustering with human ErbB2+ tumors. It is quite
possible that knockout models with basal features may target progenitor cells that develop
tumors with basal features.

Some GEM models of mammary cancer develop tumors that represent more than one
subtype, which suggests that the genetic aberrations may affect a multipotent progenitor cell
in the mammary gland. Alternatively, it remains possible that transformed cells may
dedifferentiate, altering their phenotype. For instance, cross-species gene expression
analyses of mammary tumors from the p53 f/fP WAP-Cre conditional knockout
(Michalowski, A.M., unpublished data) and MMTV-Met™Ut GEM (Ponzo et al. 2009)
models revealed that individual tumors may express either luminal or the basal-type
phenotype. These models may prove to be especially useful in testing agents that target
differentiation in the mammary gland, such as histone deacetylase inhibitors in combination
with other agents (Botrugno et al. 2009). Interestingly, the MMTV-Wnt1 model develops
tumors that have basal (K5+), luminal (K8/18+), and epithelial regions absent for either
marker (Herschkowitz et al. 2007). This heterogeneous tumor population has been suggested
to be an accessible model for isolation of cancer stem cells (Cho et al. 2008) and may prove
to be important for testing therapies that target these progenitor populations.

Genetically engineered mouse mammary tumor models, including C3(1)Tag, Brcal+/—;
p53+/-; IR, WAP-Tag, WAP-T1; and Brcal®®/c°; MMTV-Cre; p53+/- have been classified
as falling into the basal subtype (Deeb et al. 2007; Herschkowitz et al. 2007). Mouse
mammary tumors that develop in these models lack expression for ER, PR, and ErbB2, and
they express the basal marker keratin 5 and/or a genetic signature enriched for genes
associated with cellular proliferation and functional loss of DNA repair. These molecular
features are consistent with the human basal subtype of breast cancer and are associated with
poor prognosis (Deeb et al. 2007; Herschkowitz et al. 2007).

Cross-species gene expression comparisons between mouse models of mammary cancer and
human breast cancers have identified a new subgroup within human basal subtype breast
cancer, designated claudin-low (Herschkowitz et al. 2007). The subtype is characterized by
low gene expression of occluding e-cadherin claudins 3, 4, and 7, as well as loss of ER, PR,
and ERBB2 expression. Genetically engineered mouse mammary tumors included in this
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category often have spindle cell morphology, including the C3(1)TAg model, Brcal c°/c°,
MMTV-Cre; p53*/~ model, p53 null transplant model, and DMBA-induced mammary
tumors. Recently, genetic expression analysis of a cohort of metaplastic breast cancer
samples revealed that these tumors, which are generally genetically characterized as basal-
like and phenotypically described as mesenchymal/sarcomatoid and/or squamous, have a
genetic phenotype that is distinguishable from other basal-subtype tumors and most closely
related to the claudin-low subtype (Hennessy et al. 2009). Identification of this small
population of breast tumors as a distinct subset may have been overlooked had a cross-
species approach not been considered. However, whether this signature distinguishes
therapeutic response or overall prognosis between basal subtype tumors and the claudin-low
population has still not been reported.

Genomic Changes Related to the Subtype of Breast Cancer

Choice of therapy may also be influenced by the changes in chromosome copy number and
rearrangements that are identified in breast tumor samples. Standard molecular cytogenetic
techniques involve in vitro culturing of tumor cells and fluorescence in situ hybridization
(FISH)-labeled probes during the metaphase of the cell cycle. This technique uses probes
that span regions containing known oncogenes and tumor suppressor genes to identify the
“usual suspects” involved in tumorigenesis. Another method of chromosome analysis, array
CGH, offers another approach for detecting genomic changes. Array CGH uses a large
number of smaller probes spanning the entire genome to identify copy number changes. The
density of these arrays has significantly increased, allowing for more precise localization of
copy number changes in very small regions (Gouas et al. 2008).

Several studies have assessed genomic changes in relation to the molecular signatures that
define the subtypes of human breast cancer and found that there are characteristic genomic
alterations. Luminal A tumors are associated with amplifications within chromosomes 1 and
16, as well as 11913-14 and 8p11-12 (Adelaide et al. 2007; Bergamaschi et al. 2006).
Luminal B tumors have significant amplifications within chromosomes 8 and 20
(Bergamaschi et al. 2006), and 62% of tumors have Rb loss of heterozygosity (Herschkowitz
et al. 2008). The ERBB2 locus in chromosome 17 is amplified in the ERBB2 subtype of
breast tumors.

The basal subtype of breast cancer has been reported to have more genomic gains and losses
than other subtypes, including amplifications in chromosomes 1, 6, 7,10, 17, and 21 and
losses in chromosomes 4 and 14 (Bergamaschi et al. 2006). As also observed in luminal B
tumors, Rb loss of heterozygosity occurs frequently, in nearly 72% of tumors (Herschkowitz
et al. 2008). K-Ras overexpression has also been noted in a subset of human basal subtype
breast cancers (Herschkowitz et al. 2008). The potential role of K-Ras in basal-type tumors
was actually first identified in the C3(1)Tag mammary cancer model (Liu et al. 2001) and
designed into the MMTV-KRAS(G12D) model (Klinakis et al. 2009).

Several recent studies suggest that what has been referred to as the basal subtype may be
composed of even more specific subcategories with the particular genomic alterations that
may correlate with different rates of survival (Hennessy et al. 2009; Vincent-Salomon et al.
2007). For instance, medullary breast carcinomas, which are classified as basal subtype but
have a better prognosis (Rakha et al. 2009), have greater expression of keratin 5/6; a higher
rate of chromosomal gains including 9p, 10p, 16q; and loss of 4p, as well as amplification of
other chromosome regions than the general basal subtype population (Vincent-Salomon et
al. 2007). Identifying such differences within the heterogeneous basal subtype population
will clarify how patterns of genomic changes are associated with therapy response. For
instance, array CGH analyses revealed that metaplastic breast tumors are distinguishable
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from claudin-low and other basal subtype tumors owing to their increased frequency of
genomic mutations associated with PIK3A, PTEN, and KRAS and may represent the
“basal” tumors that do not respond to chemotherapy (Hennessy et al. 2009; Vincent-
Salomon et al. 2007). Such stratification of hormone-negative “basal” subtype tumors into
additional subtypes will undoubtedly better define the nuances of basal tumors and identify
populations that respond to standard chemotherapy and more targeted drugs.

Although many GEM models of mammary tumorigenesis do not acquire as many genomic
alterations as observed in human breast cancer, several GEM models, including the BRCA-
deficient, MMTV-Myc, MMTV-PyVmT mice, have genomic changes that are conserved in
human breast tumors (Bennett and Green 2008; Borowsky et al. 2005; Montagna et al. 2003;
Weaver et al. 2002, 1999). We have begun to assess a number of GEM models of mammary
cancer for chromosomal changes associated with the initiating genetic alteration using array
CGH and gene expression microarray analyses. These studies will determine how the
primary genetic mutation influences accumulation of secondary mutations to affect tumor
development. This work will complement earlier work using CGH based on hybridizations
to chromosomal spreads (Barkan et al. 2004). Our preliminary data suggest that there are
particular genomic changes associated with the initiating genetic mutation within some of
the models (M. Zhu, unpublished data). Understanding this progression, and whether it is
similar in human breast tumors, may provide a means to determine treatment options based
on tumor stage.

Another means to assess how accumulation of genomic changes in GEM models affects
mammary tumorigenesis has been through genetic alterations of specific GEM models. For
example, the MMTV-Cre; BRCA®/11-GEM model, in which one BRCA allele is lost in the
mammary gland, develops mammary tumors after an extended latency (Xu et al. 1999).
However, incorporation of a p53-null allele into the model reduces tumor latency (Brodie et
al. 2001). Since p53 loss is almost always found in BRCAL human breast cancers, this
genetic combination in the mouse is an excellent model of human BRCAL breast tumors that
shares other features with the human disease: ER negativity, genomic instability, and
activation of other oncogenes. Recent studies have reported that genomic loss of PTEN in
GEM models of ERBB2-induced mammary tumors influences tumor progression and tumor
subtype (Dourdin et al. 2008; Schade et al. 2009). Comparison of such models in drug
studies will likely reveal how drug response shifts in relation to acquiring genomic
mutations, an issue that may account for acquiring drug resistance or changes in drug
efficacy with time.

Global Approaches to Identify Novel Therapeutic Targets

Global genomic approaches to characterize mouse mammary and human breast tumors have
aided in identifying potential therapeutic targets and provided a strong rationale for using
specific GEM models to test therapies relevant to particular subtypes of breast cancer
(Figure 2). The next question becomes “Can these GEM models, and use of global
approaches in general, assist in identifying novel targets for therapy?”

Our lab has begun to answer this question by testing whether novel therapeutic targets for
basal subtype breast cancer can be extracted from a gene expression signature related to the
C3(1)T/t-antigen mammary tumor model. The signature was initially defined by identifying
genes that were similarly dysregulated in three SV40-T/t-antigen GEM models of cancer
(mammary, prostate, and lung) in which p53 and Rb functions are abrogated (Figure 3)
(Deeb et al. 2007). Deeb et al. reported that the expression of about 150 genes was similarly
altered in all three models. The majority of the genes were associated with genetic pathways
involved in proliferation and DNA repair. This finding suggested that the genes within this
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signature are critical for tumor survival. Importantly, we found this signature to be highly
represented in human basal-type breast cancer, metastatic prostate cancer, and aggressive
lung cancer and that the signature is predictive of poor outcome.

We are now functionally testing which genes in this signature are necessary for tumor cell
maintenance and survival. Some of these targets can be inhibited with existing
pharmaceutical agents, whereas most are not drug targets. Therefore, we have begun to test,
in vitro and in vivo, the response of basal-type tumor cells from mouse and human to
existing drugs and experimental compounds, both alone and in combination. Additionally,
we have performed a focused siRNA screen to determine which of the up-regulated genes in
the signature may be critical for tumor cell proliferation or the inhibition of apoptosis. Based
on the results of the initial screens, secondary synthetic lethal screens can also be performed.
This experimental approach will identify drug targets and effective combinations without
relying on readily available agents (Turner et al. 2008; Zhang et al. 2009). Moreover,
identification of novel genetic combinations that enhance efficacy of standard chemo- or
radiotherapies will guide development of novel drug targets.

Another means to identify novel chemopreventative targets is through comparison of gene
expression signatures induced by drug therapy in a particular GEM model. The genetic
profile that is conserved in mammary tissue responsive to effective drug treatment may
identify the signaling pathways important for prevention of tumor development and growth.
For example, such a signature was determined by identifying the common genes affected in
the p53-null mammary epithelial GEM model treated with three different chemopreventive
agents using SAGE analysis (Abba et al. 2009; Medina et al. 2009). Abba et al. reported that
the expression of about 34 genes was similarly altered by two effective compounds,
bexarotene and gefitinib, but not by an ineffective compound, celocoxib (Abba et al. 2009).
The genes were associated with genetic pathways involved in transcriptional regulation, cell
cycle/proliferation, cytoskeleton organization, and protein metabolism. These data suggest
that control of tumor progression is dependent on more than just regulation of cellular
proliferation. Other cellular pathways, including those associated with the extracellular
matrix and cellular metabolism, also may need to be tightly regulated in combination.
Functional assays will now have to be pursued to identify the novel genetic targets and
effective combinations of drugs that target these pathways as a means to prevent tumor
progression.

Toward a Better Model System for Preclinical Testing

The advances in our understanding of the global genetic changes that are conserved between
human breast tumors and mouse mammary tumors provide tangible justification for
choosing particular models in preclinical testing regimens. As highlighted, a growing
number of GEM mammary tumor models have been characterized using cross-species
genomic analyses and now are being used for targeted preclinical studies.

Genetically engineered mouse mammary models provide the opportunity to test targeted
agents on mammary tissue and tumors with known genetic mutations. Several recent reports
have used GEM models of mammary cancer for testing targeted agents. Strecker et al.
(2009) determined that treatment initiation and duration of lapatinib, an EGFR and ErbB2
inhibitor, affects tumor growth in the Her2 subtype mammary tumor model MMTV-ErbB2.
Klinakis et al (2009). identified that spontaneous upregulation of IGF1r in invasive
carcinomas of MMTV-KRAS(G12D) contributes to poor prognosis unless treated with a
specific IGF1r inhibitor, picropodophyllin, which dramatically decreased tumor mass.
Several reports have identified PARP inhibitor AZD2281 as an effective inhibitor of BRCA
mutant basal subtype tumors using BRCA1-associated and BRCA2/p53-deleted GEM
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models (Hay et al. 2009; Rottenberg et al. 2008). Another recent report determined that
inhibition of Aurora kinase using the inhibitor PHA-68032, causes tumor stasis in the
MMTV-v-HA-ras mouse model (Carpinelli et al. 2007). These examples highlight how
understanding the genetics of GEM models provides relevance to testing targeted drugs in
an in vivo system. Indeed, GEM models are not available for every drug target, but by
capitalizing on the data derived from gene expression assays and cgh arrays, GEM models
can be used for testing a number of genetic targets.

Preclinical testing provides the opportunity to test combination therapies based on genetic
targets. For example, recent reports found that PARP inhibitors increase overall survival of
BRCA1-associated and BRCA2/p53 mutant GEM models when given in combination with
the DNA damage agents cisplatin and carboplatin (Hay et al. 2009; Rottenberg et al. 2008).
As seen with the advances in PARP inhibitor drugs for treatment of BRCA mutant basal
subtype tumors, successes in such studies will provide more educated rationales for drug
combinations used in clinical trials and direct small patient populations into relevant
therapeutic modalities.

Genetically engineered mouse models of mammary cancer are also amenable for studying
drug resistance. Cancer cell lines and mouse models have been developed with resistance to
particular drugs. Drug screens can be performed to test whether drug sensitivity can be
restored or whether another agent is now more effective. Several studies have shown that
inhibitors of the drug efflux transporter ATP-binding cassette Bi/p glycoprotein (P-gp)
efflux pumps, like tariquidar, restore drug sensitivity (Pajic et al. 2009; Rottenberg et al.
2008), but such positive outcomes have not been replicated in the clinic (Fox and Bates
2007). Others suggest that clonal evolution and increases in resident stem cell populations
contributes to chemoresistance (Shafee et al. 2008). Further assessment of various GEM
models of mammary cancer that develop drug-resistant tumors will aid in identifying
paradigms that prolong tumor sensitivity and undoubtedly aid in understanding how tumors
evolve to evade therapy.

Preclinical studies focusing on tumor response rather than prevention can expedite
experiment duration by using mammary transplants. This adapted method of preclinical
testing distributes dissociated primary tumor cells into large numbers of
immunocompromised or syngeneic hosts at the same time, resulting in a tumor-staged and
highly reproducible experimental model (Martinez et al. 2006; Varticovski et al. 2007).
Studies in our lab have used this methodology to screen drug candidates in C3(1)Tag
mammary transplants prior to testing in the GEM model. In this fashion, only drug
candidates that show efficacy in the transplant study will be tested in the GEM model that
spontaneously develops tumors.

Conclusion

In conclusion, high-throughput genomic technologies are proving to be effective tools for
better defining the etiology of human breast cancer, as well as the various GEM models of
mammary tumorigenesis. It is through this comparison between mouse and man that
conserved features of mammary tumors have been identified and genetic pathways essential
for tumor survival will continue to be revealed. Importantly, GEM models expressing
genetic features similar to human subtypes of breast cancer can be used for testing targeted
therapies and combination therapies and for assessing mechanisms of drug resistance in a
preclinical setting. Ideally, preclinical testing will accelerate drug evaluation and stratify
agents based on their in vivo efficacy prior to entering the clinic. In this way, molecularly
identified patient populations will be treated with the most relevant therapy modalities
approaching the goal of personalized medicine. Although there is much work to be done,
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many significant contributions have been made in clinical and basic breast cancer research
within the past decade. However, this summary highlights only a small fraction of these
advances.
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Figure 1.
Patient outcome based on categorization of human breast tumors by molecular subtype.
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Figure 2.

Use of genetically engineered mouse models to identify genetic pathways, drugable targets,
and novel targets that are critical for tumor growth and survival. Mouse models are
amenable to testing of targeted drug therapies and novel drug combinations, and
understanding mechanisms of drug resistance that cannot be easily accomplished in clinical
trials.

Toxicol Pathol. Author manuscript; available in PMC 2012 October 29.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Bennett and Green Page 14

Figure 3.

Intrinsic biological network associated with S\V40-T/t-antigen inactivation of p53 and Rb.
Individual genetic nodes are highlighted. Genes in red exhibit increased expression; genes in
green exhibit decreased expression. Adapted from Deeb et al. 2007.
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