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Mouse models of human breast cancer: evolution
or convolution?

JE Green

Transgenic Oncogenesis Group, Laboratory of Cell Regulation and
Carcinogenesis, National Cancer Institute, Bethesda, Maryland, USA
Breast Cancer Res 20083, 5(Suppl 1):1 (DOI 10.1186/bcr660)

The remarkable generation of scores of increasingly sophisticated
mouse models of mammary cancer over the past two decades has pro-
vided tremendous insights into molecular derangements that can lead
to cancer. The relationships of these models to human breast cancer,
however, remain problematic. Recent advances in genomic technolo-
gies offer significant opportunities to identify critical changes that
occur during cancer evolution and to distinguish in a complex and com-
prehensive manner the key similarities and differences between mouse
models and human cancer. Comparisons between mouse and human
tumors are being performed using comparative genomic hybridization,
gene expression profiling, and proteomic analyses. The appropriate use
of genetically engineered mouse models of mammary cancer in preclin-
ical studies remains an important challenge which may also be aided by
genomic technologies. Genomic approaches to cancer are generating
huge datasets that represent a complex system of underlying networks
of genetic interactions. Mouse models offer a tremendous opportunity
to identify such networks and how they relate to human cancer. The
challenge of the future remains to decipher these networks in order to
identify the genetic nodes of oncogenesis that may be important
targets for chemoprevention and therapy.

2

Estrogen receptor alpha-positive and negative
mouse mammary tumors through somatic
mutations of p53 in mammary carcinogenesis

S-CJ Lin', K-F Lee?, AY Nikitin3, KM Bushnell4, SG Hilsenbeck5,
RD Cardiffé, A Li', K-W Kang', SA Frank?, W-H Lee?, EY-HP Lee'
"Department of Developmental and Cell Biology and Department of
Biological Chemistry, University of California, Irvine, California, USA;
2The Salk Institute for Biological Studies, La Jolla, California, USA;
3Department of Biomedical Sciences, Cornell University, Ithaca, New
York, USA “Institute of Biotechnology, Department of Molecular
Medicine, University of Texas Health Science Center at San Antonio,
San Antonio, Texas, USA 5Department of Medicine and Department of
Molecular and Cellular Biology, Breast Center, Baylor College of
Medicine, Houston, Texas, USA; 6Center for Comparative Medicine,
University of California, Davis, California, USA; "Department of
Ecology and Evolutionary Biology, University of California, Irvine,
California, USA

Breast Cancer Res 2003, 5(Suppl 1):2 (DOI 10.1186/bcr661)

Approximately 70% of human breast cancers are estrogen receptor
alpha (ERo)-positive, but the origins of ERo-positive and ERa-negative

tumors remain unclear. Most mouse models produce only ERa-nega-
tive tumors. In addition, these mouse tumors metastasize at a low rate
relative to human breast tumors. We report that somatic mutations of
p53 in mouse mammary epithelial cells lead to ERa-positive and ERo-
negative tumors. p53 inactivation in pre-pubertal/pubertal mice, but not
in adult mice, leads to the development of ERo-positive tumors, sug-
gesting that developmental stages influence the availability of ERo-pos-
itive tumor origin cells. These tumors have a high rate of metastasis that
is independent of tumor latency. An inverse relationship between the
number of targeted cells and median tumor latency was also observed.
The median tumor latency reaches a plateau when targeted cell
numbers exceed 20%, implying the existence of saturation kinetics for
breast carcinogenesis. Genetic alterations commonly observed in
human breast cancer including c-myc amplification and
Her2/Neu/erbB2 activation were seen in these mouse tumors. Since it
is feasible to isolate ERa-positive epithelial cells from normal mammary
glands and tumors, molecular mechanisms underlying ERo-positive
and ERoa-negative mammary carcinogenesis can be systematically
addressed using this model.
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Mouse models for BRCA1-associated breast
cancer

R-H Wang, W Li, X Xu, C Deng

National Institutes of Health, Bethesda, Maryland, USA

Breast Cancer Res 2003, 5(Suppl 1):3 (DOI 10.1186/bcr662)

Breast tumor suppressor gene 1 (BRCA1) is a well-known transcrip-
tion regulator, mutations of which cause tumor formation in a tissue-
specific manner. In the past years, we have studied functions of Brcal
in mouse models carrying a number of different mutations. We showed
that impaired Brca1 function causes chromosome damages, failure of
the G2/M cell cycle checkpoint, and centrosome amplification, leading
to p53-dependent lethality. Our further analysis revealed that Brcal
also plays an important role in spindle checkpoint through regulating
Mad2. We showed that mice carrying a targeted disruption of Brcat in
mammary epithelium developed mammary tumors at low frequency
after long latency and the tumorigenesis was significantly accelerated
in a p53*/~ genetic background. Mammary tumors were highly diverse
in histopathology and displayed extensive genetic/molecular alter-
ations, including overexpression of ErbB2, c-myc, p27 and cyclin Dy,
and downregulation of p16. The most noticeable change is expression
of estrogen receptor alpha (ERa). We showed that the absence of
Brcal resulted in increased expression of ERa in epithelial cells at pre-
malignant stages and initiating tumors. However, expression of ERo
was diminished in tumors of more advanced stages. This observation
suggests that ERo-mediated signals are involved in tumorigenesis.
Finally, we provided evidence that BRCA1 affects the MAPK pathway
through interacting with estrogen/ERa signals, which may account for
tissue-specific tumorigenesis.
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The regulated growth and development of the mammary epithelium
depends on the interaction between the epithelial cells with the adja-
cent extracellular matrix. This interaction is primarily mediated through
the integrin receptor family. One of the primary signaling effectors on
the integrin class of receptors is the integrin-linked kinase (ILK). To
explore the importance of integrin coupled signaling pathways in
mammary tumor progression, we have used transgenic mouse models
to elucidate the role of the beta-1 integrin and ILK in mammary tumori-
genesis and metastasis. First, we demonstrated that mammary epithe-
lial expression of ILK is capable of inducing focal metastatic mammary
tumors. Interestingly these mammary tumors exhibited evidence of
epithelial mesenchymal transition. These observations provide direct
evidence that mammary epithelial-specific expression of ILK can result
in the direct induction of mammary tumors. To further explore the
importance of the beta-1 class of integrin receptors and ILK in
mammary tumorigenesis, we have generated mammary-specific knock-
outs of either beta-1 integrin or ILK using the Cre/LOXP recombination
approach. Preliminary analyses of the mammary ductal outgrowth in
these strains has revealed that a functional ILK is required for normal
mammary gland development whereas a functional beta-1 integrin
appears to be dispensable for normal mammary gland development.
Although beta-1integrin receptor function is not required for normal
mammary gland development, mammary-specific ablation of beta-1
results in dramatic inhibition of mammary tumors in transgenic mice
expressing the Polyomavirus middle T oncogene. Taken together, these
observations suggest that a functional beta-1 integrin receptor is
required for efficient mammary tumor progression.
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A cardinal feature of human cancers is the progressive selection and
outgrowth of cells that possess increasingly aggressive properties.
This process ultimately leads to resistance to therapeutic agents,
distant metastasis, and tumor recurrence. Together, these three mani-
festations of tumor progression are responsible for the vast majority of
cancer deaths. Nevertheless, while tumor progression constitutes a
problem of unrivaled clinical importance, the mechanisms underlying it
are largely unknown. As such, elucidating the molecular, cellular, and
pathophysiological events that contribute to tumor progression is a crit-
ical priority in cancer research. To better define the genetic, cellular,
molecular, and physiological events that contribute to breast cancer
progression, we have created a series of novel inducible bitransgenic
mouse models in which the oncogenes c-myc, Neu, Wnt1, v-Ha-Ras,
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and Akt1 can be conditionally expressed in the mammary epithelia of
animals treated with tetracycline derivatives. Tumor formation in each of
these models is highly penetrant, mammary-specific, and absolutely
dependent on transgene induction by doxycycline. The properties of
this model system permit the direct visualization and analysis of each
stage of mammary tumorigenesis from normal mammary tissue in the
uninduced state to hyperplasias, atypical hyperplasias, invasive carci-
nomas, and distant metastases that arise as a consequence of onco-
gene activation. The inducible nature of the transgenic models that we
have developed permits essentially complete downregulation of an
oncogenic stimulus within an intact tumor. Remarkably, we have found
that—following transgene deinduction by doxycycline withdrawal-many
of these oncogene-induced primary mammary tumors rapidly regress to
a clinically undetectable state. However, despite this dramatic regres-
sion behavior, a substantial fraction of tumors that have previously
regressed to a non-palpable state recur spontaneously in the absence
of transgene expression over periods of up to 1 year. This finding sug-
gests that many animals in whom tumors have regressed still harbor
residual cancerous disease and that additional genetic events may
occur in these remaining cells that lead to the recurrence of actively
growing tumors. In addition, we have further demonstrated that a
subset of primary mammary tumors fail to regress fully following doxy-
cycline withdrawal, and instead acquire the ability to survive and grow
in the absence of oncogene overexpression. In some cases, this behav-
ior is associated with identifiable spontaneous genetic events that are
tightly linked to the ability of tumors to progress to transgene indepen-
dence. In aggregate, the tendency of mammary tumors in this system to
metastasize, to develop resistance to oncogene downregulation, and to
recur spontaneously with long latency suggests that these models
mimic critical aspects of the natural history of human breast cancer. As
such, this system may represent a valuable new means to understand
the biology of tumor progression and to identify the molecular mecha-
nisms by which mammary tumors escape their dependence on particu-
lar oncogenic pathways for growth.
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Genetic manipulation of the mammary gland by
transplantation
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Hutchison-MRC Research Centre, University of Cambridge,
Cambridge, UK

Breast Cancer Res 2003, 5(Suppl 1):6 (DOI 10.1186/bcr665)

Mammary epithelium can be reconstituted in vivo by transplanting frag-
ments of mammary epithelium, or suspensions of mammary epithelial
cells, into the ‘cleared’ mammary fat pad of a syngeneic recipient
mouse. A ‘cleared’ mammary fat pad is one from which the natural
epithelium has been removed at 3 weeks of age. Genes can be intro-
duced into the epithelium before transplantation using retrovirus
vectors, or the epithelium can be taken from a knockout mouse [1]. The
applications of transplantation, and its advantages and disadvantages
compared with transgenesis will be surveyed, including the ability to
use hormone-insensitive promoters; to introduce genes into clones of
cells rather than whole tissues; the ease of studying early preneoplastic
change; and the use of transplantation with transgenic knockouts, to
rescue embryonic lethals and to distinguish systemic from local effects
[2].
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The Mutant Mouse Regional Resource Center
Program
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The Mutant Mouse Regional Resource Center (MMRRC) Program
serves as the National Institutes of Health (NIH) premier repository of



spontaneous and induced mutant mouse lines. The MMRRC Program
was established in 1997 through a UO1 funding mechanism from the
NIH National Center for Research Resources. The purpose of the
MMRRC Program is to ensure the continued availability of scientifically
valuable, genetically engineered mice and to distribute these mice to
qualified researchers studying human and animal biology and disease.
The MMRRC Program is made up of a national network of regional
breeding and distribution centers, in which UC Davis participates as
the West Coast regional Center. The facilities and personnel of the
MMRRC regional Centers cryopreserve and distribute mouse strains
with potential value in the research of human disease and biology.
These strains are then made available for distribution to qualified
researchers. Mice are supplied either from a production colony or from
a colony recovered from cryopreservation. MMRRC Centers also offer
cryopreserved material from some strains for resuscitation at the recipi-
ent scientist's institution. The MMRRC at UC Davis is made up from
contributions of a number of UC Davis campus resources and units,
including the UC Davis Mouse Biology Program, the Center for Com-
parative Medicine, and the Center for Laboratory Animal Sciences. We
provide a host of services in support of the MMRRC Program, includ-
ing importation of mouse strains by rederivation, cryopreservation and
reanimation of frozen embryos and germplasm, assisted reproduction
techniques (in vitro fertilization, intracytoplasmic sperm injection, intra-
cytoplasmic nuclear injection), and comprehensive genotyping (includ-
ing speed congenics) and phenotyping (pathology, behavior, clinical
pathology, etc.) capabilities. As part of its participation in the MMRRC
Program, the MMRRC at UC Davis provides a comprehensive list of
services and procedures to insure safe and expedient importation,
maintenance, archiving, genotyping, phenotyping, and distribution of
mutant mouse lines. A number of these services and procedures are
provided at no charge to the Donating Investigator, while others are
offered for a fee to Requesting Investigators. In addition, using the
type 3 submission mechanism, a Donating Investigator can negotiate
with the MMRRC at UC Davis to perform selected services and proce-
dures on their mouse strain. For more information on the MMRRC
National Program, or to donate mice to, or request mice from, the
MMRRC please visit the website (www.mmrrc.org) or go to the
MMRRC at UC Davis website (http://mbp.compmed.ucdavis.edu/
modules.php?name=mmrrc).
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Genetically altered mice and cancer research:
effects of the other 99.999% of the genome and
other variables upon phenotype

SW Barthold

Center for Comparative Medicine, Schools of Medicine and Veterinary
Medicine, University of California, Davis, California, USA

Breast Cancer Res 2003, 5(Suppl 1):8 (DOI 10.1186/bcr667)

The modern laboratory mouse was derived from a diverse gene pool of
multiple species of the Mus musculus genospecies complex from
throughout Europe and Asia. The progenitors of laboratory mice were
thus hybrid species, but they subsequently underwent a genetic bottle-
neck at the beginning of the last century. Thus, the genomes of inbred
strains of mice, although homozygous, contain variable allelic contribu-
tions from this diverse origin, including endogenous retrovirus and
retrovirus-like elements. Domestication of the mouse through interna-
tional trading has also introduced over 60 infectious pathogens that
can cause overt disease, as well as more subtle effects upon research.
Burgeoning mouse populations and exchange among scientists have
led to the re-emergence of many of these agents. Genetic alteration of
the mouse often leads to atypical outcomes of these infections which
confound research. Diet, bedding, water, behavior, and other factors
also contribute to variable research results. Effective cancer research
should take advantage of the opportunity to utilize the mouse as a
genetically, microbially, and environmentally standardized animal model
system, but this requires global awareness of the biology of the labora-
tory mouse.
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Advanced immunophenotyping: more is better!
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Recent advances in multicolor flow cytometry have made possible the
simultaneous analysis of up to 12 distinct cell surface molecules. This
technical advance increases sensitivity and specificity for more accu-
rate diagnosis and classification of various malignancies. In turn, this
allows for a better assessment of disease prognosis and the establish-
ment of a treatment regimen. In addition, multicolor flow cytometry pro-
vides a sensitive technique for investigating the occurrence of minimal
residual disease. Studies of leukemias and lymphomas are particularly
suitable for investigation by flow cytometry. Studies on solid tumors
such as breast cancer, or on tumor infiltrating immune cells, are also
possible if appropriate processing techniques are used to generate
single-cell suspensions without altering cell surface receptor expres-
sion. In addition to analytical immunophenotyping, isolation of even very
small (malignant) cell populations by multicolor flow cytometry provides
a highly pure source for DNA and RNA analyses. Such combined
sorting and molecular approaches provide a comprehensive basis for
studying the molecular mechanisms underlying malignant transforma-
tion. Importantly, they also enable distinct diagnoses to be made when
cell surface marker immunophenotyping alone is inconclusive. To exem-
plify the importance of combining various immunophenotyping tools,
such as multicolor flow cytometry and gene expression analyses, with
the classical tools of histopathology and differential blood count, we
provide data on the analysis of a mouse model of human chronic B-cell
leukemia (B-CLL): the New Zealand Black mouse. We relied for this
study on gene expression databases generated by the National Cancer
Institute for various human B-cell malignancies. B-CLL is one of the
most common forms of leukemia in the Western world. No therapies
currently exist against this usually slow-progressing but always fatal
malignancy, making the development of a good animal model an impor-
tant task. The data show that although the New Zealand Black mouse
shows a spontaneous expansion of a CD5* B-cell population (a hall-
mark of human B-CLL), it does not fit the classification of B-CLL by
either phenotypic or genetic analysis criteria. In conclusion, increasing
the number of simultaneous measurements for immunophenotyping
and cell sorting by flow cytometry and combining it with comprehensive
gene expression studies supports and expands the power of classical
analysis tools.
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Whole Slide Imaging and telepathology
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Accurate diagnosis of lesions in genetically engineered mice requires a
level of experience and expertise that is not available in all institutions.
As a result, there is an unmet demand for the services of a limited
number of expert pathologists. In order to meet this demand, we have
developed several electronic, web-based educational and consulting
tools to expand the availability of expert pathologists.

Image Galleries The immediate need has been for publication quality
images that are connected to a robust database. This has been accom-
plished using a shareware program that is connected to our SQL
Mutant Mouse Pathology Archive database. This program develops
Image Galleries ‘on the fly' that can display still images with demo-
graphic, genetic, and diagnostic information stored in the database.
The application includes a dialog box that permits the viewer and the
pathologist to exchange information and comments. However, the
images are limited to adynamic jpeg and tiff files that illustrate limited
fields selected by the photographer and do not display or annotate the
image in full context.
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Whole Slide Imaging To provide the digital view of the complete slide
in context, several new technologies have been merged to the Image
Archive using Whole Slide Imaging. Whole Slide images are digital
images of the entire block face or slide. These digitized images are
captured, compressed and viewed on any browser over the internet.
The digital image allows users to view entire microscopic images at any
magnification on their monitor. The images are captured with the
ScanScope (AperioTech Inc., Vista, CA, USA) in approximately
3-5 min at a resolution of 50,000 dpi, producing 8—20 Gb of raw data.
To make the images accessible to the community, the images are
processed with the Zoomify compression algorithm which results in a
200-300 Mb image that can be viewed with a standard web browser
using a Flash6 plug-in. The plug-in only downloads the pixels required
to render the view requested by the user (approximately 75 kb/view).
The images can be annotated with layers that point to specific features
in the image allowing users to easily navigate to selected points of
interest within a slide while still being able to maneuver the entire slide.
Examples of these images can be viewed online (http://imagearchive.
compmed.ucdavis.edu).

Telepathology The full capabilities of the Zoomify system, have been
exploited by combining the Whole Slide Imaging with a Telepathology
Conferencing Tool that allows multiple simultaneous users to view the
same slide in session becoming a virtual multi-headed microscope. A
number of users can view, manipulate, and annotate a single image and
share their perspective utilizing the application’s voice conferencing
system (voice over). A preselected Moderator controls the conference
using a baton-passing utility that limits the number of users who can
manipulate the image at any given time. This system allows patholo-
gists to practice within a virtual world-wide group, gathering expert
opinions from widely dispersed locations. Every investigator will have
access to appropriate experts.
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Mammary pathology of the genetically engineered
mouse
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Human breast cancer has been modeled in well over 100 types of
genetically engineered mice (GEM). Many of the mutated or over-
expressed genes found in human breast cancer also initiate mammary
cancer in GEM. The histopathology of GEM models of breast cancer
have proved to be unique. Most GEM tumors do not resemble the
spontaneous tumors induced by the mouse mammary tumor virus
(MMTV) or by carcinogenic agents. The pattern of some GEM tumors
closely resembles that seen in some human breast cancers. The most
provocative and most thoroughly studied GEM group belongs to the
ERBB2 (HER?2) signal transduction pathway. GEM bearing ERBB2,
various forms of mutated ERBB2 and ERBB2-related genes produce
tumors via similar molecular mechanisms, and also have a remarkable
morphological resemblance to some forms of human breast cancer.
Tumors associated with tumor suppressor genes, such as Brca? and
SV40 Tag (that suppresses expression of Rb and p53) tend to resem-
ble poorly differentiated tumors and, in some cases, medullary carci-
noma of the human breast. Many of the GEM develop mammary tumors
with characteristic or unique gene-specific ‘signature’ phenotypes that
readily can be identified microscopically. The principle that genotype
predicts phenotype can be applied to other GEM and extended to
include entire molecular pathways. Studies of tumor kinetics in bi-trans-
genic mice suggest that some combinations of genes are synergistic
while others are inhibitory. Although the majority of breast cancer
models have been induced using the MMTV-LTR as a promoter, C3(1),
WAP, and BLG promoters frequently have been used. Tumors retain
the phenotype characteristic of the oncogene, for the most part,
regardless of promoter. In some cases, inserting the transgene behind
the native promoter or ‘knocking-in’ an oncogenic variant at the normal
gene locus has also resulted in tumors characteristic of the oncogene.
GEM with inactivation of tumor suppressor genes generally die with
tumors other than mammary tumors. The mammary tumors that do
develop tend to be more poorly differentiated, aneuploid tumors with a

Advances in human breast cancer research: preclinical models

wider range of phenotypes. However, when crossed with GEM bearing
activated transgenes, the tumors are most likely to resemble the pheno-
type of the transgene. The tumors in bigenic mice do, however, have
more pleomorphic and aneuploid cells. The great majority of mouse
mammary tumors are hormone independent. This is in contrast to
human breast carcinomas, 50% of which express the receptors for
estrogen and progesterone, and are dependent (at least partially) on
these hormones for growth. The biology of metastasis is also quite dif-
ferent with mouse carcinomas displaying a hematogeneous spread
almost exclusively to the lung and with human carcinomas displaying
regional lymph node involvement with preferential systemic spread to
the bone, brain and liver.
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Positron emission tomography and X-ray
computed tomography: tools for mouse
phenotyping?
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Breast Cancer Res 2003, 5(Suppl 1):12 (DOI 10.1186/bcr671)

Significant advances in imaging technology now permit non-invasive
imaging of mice with high spatial resolution and high sensitivity to bio-
chemical and molecular alterations. Two imaging technologies will be
discussed. X-ray computed tomography uses transmission of X-rays
through a mouse to create high-resolution anatomic images, which
can be useful for detecting phenotypic-related alterations in morphol-
ogy. Positron emission tomography utilizes trace amounts of radio-
pharmaceuticals to measure biologic function, for example glucose
metabolism, receptor binding and gene expression. Screening of
genetically engineered mice with positron emission tomography and a
radiopharmaceutical that correlates with glucose metabolism has
demonstrated sensitivity to phenotypic changes. Ultimately, the
merger of these two complementary imaging modalities, providing
spatially registered images of anatomy and function, may provide a
powerful tool for whole-body phenotypic analysis, although a number
of challenges must be addressed to realize a high-throughput imaging
tool for these applications.
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Genetically modified cancer models: the value of
luciferase-tagged tumors and in vivo luciferase-
based reporter assays in oncology drug discovery
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Recent technological advances in visible light imaging allowed us to
use this technique to non-invasively detect and quantify tumor cells,
and to follow responses to drug candidates at molecular level in
mouse models of human cancers. Human prostate tumor cells tagged
with a firefly luciferase (PC-3M2AC6) were used in an orthotopic
model, and in a model of experimental bone metastasis in athymic
nude mice. Upon intravenous injection of D-luciferin these cells
emitted light, that could be non-invasively registered with a charged-
coupled device camera. Light emission was proportional to the tumor
burden. The assay had sufficient throughput to allow for screening of
advanced drug candidates for efficacy. Several compounds demon-
strated significant and reproducible activity against tumors growing in
prostates and in bones. These findings would not be possible without
the non-invasive method of quantitation of bone tumor burden. A
reporter gene, where luciferase is expressed from the p21waf-1 pro-
moter, was introduced into the H1299 human lung cancer cell line. So
constructed reporter cells were encapsulated in hollow fibers and the
fibers were implanted subcutaneously into athymic, nude mice. The
walls of hollow fibers are permeable to molecules up to 0.5MDa in
size, but not to cells. The animals were then treated intravenously with
various histone deacetylase inhibitors twice (24 and 32hours post
implantation); the fibers were retrieved from the animals 18 hours after



the last treatment, and were processes for light emission ex vivo.
Histone deacetylase inhibitors induced expression of luciferase and
thus light emission in the presence of D-luciferin. Results of this phar-
macodynamic 40 hour assay were predictive of anti-tumor activity of
histone deacetylase inhibitors in mouse xenograft tumor models.
Therefore 5 week efficacy studies could be replaced with 2 day phar-
macodynamic assays. Preliminary results for the in vivo Caspase 3
induction assay will be presented.
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Herceptin-sensitivity of HER2-transgenic mouse
mammary tumors
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D Dugger
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The long-term goal of our work is to better understand the mechanisms
of Herceptin action and resistance. Toward that end, we have pro-
duced transgenic mice that express HER2 under the control of the
mouse mammary tumor virus (MMTV) promoter. Transgenic mouse
models offer the advantage of having immune system components that
may be important in the action of antibodies but are lacking in immun-
odeficient hosts. ErbB2 transgenic mice have been produced by Muller
and colleagues using the rat homolog neu, which does not bind Her-
ceptin. Therefore, we made mice using the human versio