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Genetically engineered mice are critical experimental models for the study of breast cancer
biology. Transgenic mice, employing strong mammary epithelial promoters to drive onco-
genes, develop carcinomas with phenotypes corresponding to the molecular pathway acti-
vated. Gene-targeted (knockout) mice, in which tumor suppressors are deleted, develop
mammary neoplasms with phenotypes primarily including patterns seen in spontaneous
mouse mammary tumors, albeit at higher rates. Improved genetic engineering, using induci-
ble gene expression, somatic gene transduction, conditional alleles, and crossbreeding for
combined/compound genetic engineering yields precise molecular models with exquisite
experimental control and phenotypes with comparative pathologic validity. Mammary
gland transplantation technology adds a practical and validated method for assessing
biologic behavior of selected mammary tissues. Overall, the many mouse models available
are a rich resource for experimental biology with phenocopies of breast cancer subtypes, and
a variety of practical advantages. The challenge is matching the model to the experimental
question.

There is no perfect model system for studying
breast cancer. Breast cancer in women con-

stitutes an array of different diseases, and it is
not realistic to consider breast cancer as a single
disease. Experimental models are needed to
reflect each part of the array. Cell culture lines
are the most practical, and a panel of 51 stan-
dard cell lines is currently available reflecting
most of the intrinsic subtypes of breast cancer
(Neve et al. 2006). These cell lines are adapted
to growth on two-dimensional (2D) plastic
dishes and represent an oversimplified biology
out of context. Growth in 3D culture is more

contextual, but still simplified (Kenny et al.
2007). Even xenografting of human cell lines
in mice is artificial, short-circuiting the pre-
cancer stage, the development of a permissive
environment, and eliminating the immune sys-
tem. Mouse models, particularly the genetically
defined models offer a step in the direction of
biologic reality. Choosing among the mouse
models of breast cancer is not a trivial exercise.
Literally thousands of specifically engineered
mice have been created to study the pathology,
molecular biology, natural history, and response
to therapy in breast cancer (Borowsky 2007).
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These successes of mouse models of breast
cancer stem from the important foundations
in mouse mammary biology. First, the biology
of the mouse mammary gland has been studied
for many years. The normal development, lacta-
tion related changes, and spontaneous tumors
in the mouse mammary gland are well char-
acterized. Second, several mammary specific
gene promoters have been characterized, per-
mitting ready transgenic engineering to incor-
porate genes into the mammary glands of
mice (Borowsky 2003). Third, the mammary
gland of mice is transplantable (Daniel et al.
1968). Nevertheless, several important chal-
lenges to the validity (Cardiff et al. 2004) of
the mouse models of breast cancer remain.
Few of the models are accurate representations
of the estrogen receptor (ER) positive human
breast cancers. Metastases, which occur in sev-
eral models, are hematogenous and almost
exclusively pulmonary, whereas human breast
cancer metastases are characterized by nearly
universal lymphatic spread and nodal metasta-
sis that precedes or is synchronous with disse-
minated hematogenous metastasis. Human
breast cancer does metastasize to the lung, but
also commonly to the liver, bone, and brain,
and these sites are rarely affected in the mouse
models without specific designs to adapt the
cells for nonpulmonary homing.

Many of the current genetically engineered
mouse models of breast cancer have been previ-
ously reviewed and categorized (Cardiff et al.
2000; Cardiff 2003). Using a gross oversimpli-
fication, the existing models can be grouped
into two categories: (1) transgenic models, those
with specific oncogene expression, usually
through highly active mammary-specific pro-
moter-driven expression; and (2) gene-targeted
models, those with an increased susceptibility
to mammary tumorigenesis, usually through
gene targeting (knockout) of a tumor suppres-
sor. Each of these methods has specific strengths
and problems, and new refinements of the
engineering seek to solve some of the prob-
lems. Methods for introducing defined genetic
changes in somatic cells in the mammary gland
(rather than germline) have also been devel-
oped, perhaps constituting a third category

which includes conditional alleles, temporally
inducible expression, localized inducible ex-
pression, and transplantation. These methods
often require a complex combination of geneti-
cally engineered components, and as such are
covered only briefly here, techniques reviewed
in (Heyer et al. 2010). In any event, the work
of many labs has resulted in an array of mice
modeling specific subsets of human breast can-
cer. As an introduction to the array, some of the
models are tabulated with the corresponding
human tumor types in Table 1. This is not a
complete list, and is offered with apologies to
the many labs and investigators who have cre-
ated unique and useful mouse models of breast
cancer. Some intrinsic subtypes of human can-
cer have been modeled much more commonly,
whereas the ER positive “luminal A” and “lumi-
nal B” human cancers are seen much less often
in the array of genetically engineered mice.1

MAMMARY-SPECIFIC TRANSGENIC
ANIMALS

The overexpression of an oncogene under the
control of one of the mammary-specific pro-
moter sequences in the mouse mammary gland
results in multifocal (nearly diffuse) expression
throughout the luminal epithelium of all of
the mammary glands of the genetically engi-
neered mouse. The commonly used promoters,
including the mouse mammary tumor virus
long terminal repeat (MMTV-LTR), the whey
acidic protein (WAP), and the b lactoglobin
(BLG) promoter sequence are all highly active
in luminal epithelial cells, all drive high levels
of transcription, and all have some hormonal
dependence (hormone responsive elements
and glucocorticoid responsive elements) creat-
ing a potential for “artificial” hormone and
corticoid sensitivity through direct modula-
tion of the oncogene expression. This is re-
garded as “artificial” because this mechanism
is not involved in human breast cancer; that is,

1Stat12/2 mice on the 129S6/SvEv background develop
mammary tumors with low penetrance, but are uniquely
estrogen receptor–positive, and therefore are a part of the
table although the complete description has not yet been
published (SR Chan and R Schrieber, pers. comm., 2009).
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Table 1. Human breast cancer types in order of frequency with corresponding mouse models, phenotypes, and
validation comments

Human breast

cancer types

Relative

frequency

(approx.) Mouse models

Phenotype and

behavior Validation comments

Invasive ductal
carcinoma

75%

ER positive
(luminal A,
luminal B)

1/2 of 75% Stat12/2; some
Tp53 tumors

Highly ER positive;
weak to moderate
ER positivity in
many

Low penetrance; highly
variable; interanimal and
intra-animal heterogeneity

ERBB2
amplified
(some are
also ERþ)

1/4 of 75% Tg(neu);
Tg(PymT);
Erbb2 knockin

Solid, minimally
glandular
growth,
metastatic

Highly consistent phenotypes.
ER is weak or negative.
Erbb2 knockin develops
endogenous Erbb2 locus
amplification in one-half
of tumors.

“Triple
negative”
(basal type)

1/4 of 75% Some Brca/Tp53
tumors;
Tg(Sv40Tag)

Range from
basal-like to
spindled (below)

Less variability than the
Tp53-only model,
specificity to a spectrum
from basal to spindled
suggests a common
pathway.

Lobular
carinoma
(most are
ERþ)

10% Ecad/Tp53
knockout

Discohesive round
infiltrative cells;
metastatic

Morphology highly
comparable to human
disease except ER-negative
and higher grade than
typical human invasive
lobular carcinoma.

Mucinous
(colloid)
carcinoma

3% None

Tubular
carcinoma

2% None

Medullary
carcinoma

1% None

Myoepithelioma Rare Tg(Wnt);
Tg(Fgf8); Tp53
knockouts

Highly variable,
inter- and
intra-animal
heterogeneity

The “Wnt” pathway pathology
includes all of the common
mammary tumor
phenotypes seen
spontaneously in mice.

Salivary gland
type

Rare Tg(Wnt);
Tg(Fgf8); Tp53
knockouts

Highly variable,
inter- and
intra-animal
heterogeneity

Continued
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Table 1. Continued

Human breast

cancer types

Relative

frequency

(approx.) Mouse models

Phenotype and

behavior Validation comments

Metaplastic
spindled cell

Rare Brca1/Tp53
knockouts;
Tg(MMP3)

Range from
basal-like (above)
to spindled

Epithelial mesenchymal
transition in these models
with consistent evolution of
spindle cell lesions from
mammary epithelium.

Metaplastic
squamous/
pilar

Rare Tg(Wnt);
Tg(Fgf8); Tp53
knockouts

Typically a
pilomatricoma
(hair follical
tumor)
phenotype

Squamous and pilar
differentiation are common
in spontaneous and
mutagen-induced mouse
mammary tumors, whereas
squamous differentiation is
uncommon in human
breast cancer.

Secretory
carcinoma

Rare Wap-Cre/EN
fusion

Papillary without
clear secretory
features

Example of a precise human to
mouse molecular model
without corresponding
phenotype association.

Precancer and

benign diseases

Clinical

relevance Mouse models

Phenotype and

behavior Validation comments

Ductal
carcinoma in
situ

Associated with
invasive
cancer

MINO
transplants;
Tp53
transplants;
Tg(SV40Tag)

MINOs have an
array of
dysplasias with
progression to
Erbb2 tumor
phenotypes;
Tp53 and
Tg(SV40Tag)
models have
high-grade in situ
neoplasias.

MINO and Tp53 transplants
fulfill “test-by-
transplantation” while the
Tg(SV40Tag) areas of in
situ disease arise
multifocally making it hard
to trace the progression of a
single lesion.

Lobular
neoplasia
(LCIS)

Increased
relative risk

None Ecad/Tp53 knockout mice do
not develop a recognizable
in situ lesion, the early
tumors are very different
from human LCIS.

Hyperplasia Common,
benign

Many

Intraductal
papillomas

Common,
sometimes
atypical

Tg(Wnt);
Tg(Fgf8); Tp53
knockouts

Papillary lesions in mice often
become invasive, whereas
invasive papillary
carcinomas in human
breast are rare.

Note, in addition to breast cancer subtypes, mouse models of precancer (ductal carcinoma in situ) and nonneoplastic

breast diseases are also included.
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oncogene expression in human breast cancer is
not known to depend directly on transcrip-
tional activation via hormonal signaling.

To avoid targeting only luminal epithelium
some groups have used a keratin 14 promoter
sequence (Derksen et al. 2006). Keratin 14 (K14)
is expressed in mammary basal cells, often coex-
pressed in mature myoepithelial cells but not in
mature luminal epithelium. It is clear that these
basal cells can differentiate into luminal cells,
whereupon they down-regulate K14 expression.
K14 promoters used to drive oncogene expres-
sion may therefore result in a bias away from
luminal differentiation (or alternatively selec-
tion of transformed cells independent of the
oncogene). K14 is also expressed in other organs
such as skin, salivary glands, and pancreas
resulting in a compromise of mammary speci-
ficity. Nonetheless, this strategy permits tar-
geting of a different potential cell of origin in
cancer, helping to address questions of the
requirements for cell of origin susceptibility.

The use of the tetracycline inducible pro-
moter sequences (utilizing a mammary-specific
promoter to drive the tet trans-activator and a
second tet responsive element driven promoter)
substantially reduces the hormone dependence
because the promoter activity is regulated by
the presence of tetracycline/doxycycline as the
major rate limiter (Gunther et al. 2002; Moody
et al. 2002). Still, the MMTV-LTR used to drive
the trans-activator is not equally active in all
mammary cell types. Nonetheless, the benefits
of exogenous control of oncogene expression
which can be driven at high levels, even with
changes in estrogen and glucocorticoid signal-
ing, is critical to a wide variety of study designs.

As a result of the diffuse gland-wide epithe-
lial expression driven by strong mammary pro-
moters, multifocal tumorigenesis is the rule in
these animals. This is unlike human cancer,
which arises in a single focus, or, less often, in
just a few separate foci. The earliest tumors in
these mice are typically seen in the proximal
glands (nearest the nipples) likely because this
is the oldest part of the gland, which develops
over the first 6–12 weeks of life by extending
and branching outward from the nipple to fill
the mammary fat pads. Multiple synchronous

and metachronous tumors arise, therefore, de-
pending primarily on the duration of oncogene
expression in a particular area of the mammary
tree. The tumor phenotypes are directly related
to the oncogene such that “signature” pheno-
types are now recognized for a handful of
molecular activation “pathways”(Rosner et al.
2002; Du et al. 2006). In many instances, indi-
vidual genes within a given pathway have been
shown to result in tumors with identical pheno-
types. This has provided a functional proof, in
fact, that the molecular models are accurate
and fulfills an argument like Koch’s postulate.
If an oncogene, in this case, rather than a micro-
organism, is isolated from a diseased patient,
and can be readministered to an animal repro-
ducing the disease, the agent (oncogene) is con-
sidered the cause of the disease.

These animals, created at a time of emerg-
ing understanding of the molecular pathways
involved in human cancers, have shown that
the tumor phenotypes which emerge are di-
rectly related to the molecular pathway affected
by the transgene. More simply, the genotype
creates or causes the phenotype of the tumor,
or conversely, the phenotype is a readout of
the genotype. This concept has been character-
ized by the Robert Cardiff laboratory, where
the histopathology for most of the available
genetically engineered mouse models of mam-
mary cancer have been reviewed. Cardiff has
dubbed the concept “pathway pathology,”
denoting the relationship between the molecu-
lar biologic pathway and the resulting histo-
morphologic pathology. In particular, he has
shown that genetic engineering of the Wnt path-
way, the Erbb2 pathway, and also Myc and Ras
activation have highly characteristic “signature”
phenotypes. Wnt pathway tumors are myoepi-
thelial, papillary, or pilocytic/squamous phe-
notypes that resemble human salivary and
skin adnexal tumors more closely than breast
cancers (Rosner et al. 2002).

GENE-TARGETED KNOCKOUT MODELS

In contrast to the transgenic models, tumor
suppressor knockout mice typically develop tu-
mors after longer latency and with much lower
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multifocality. In the standard germline knock-
out mice, tumor susceptibility is not limited to
the mammary gland, and in general these ani-
mals are most strongly prone to lymphomas
and sarcomas. Nevertheless, mammary epithe-
lial neoplasms do occur providing a model
mimicking both hereditary cancer syndromes
and the somatic mutation or loss of tumor
suppressors.

Even within a genetically identical tumor
suppressor knockout colony, heterogeneity of
tumors is the rule. It appears that somatic
molecular changes to activate additional molec-
ular pathways, in addition to the genetic engi-
neering, are required in tumor development
with varying latencies and phenotypes. The
most common phenotypes are those in the
Wnt pathway, which are also the most com-
monly seen spontaneous tumors in mice, and
are identical to the tumors seen in insertional
mutagenesis studies. Wnt and the Wnt pathway
member Fgf3 were, in fact, originally cloned as
mouse tumor related genes, based on mouse
mammary tumor virus insertion site analysis
in viral-induced tumors. Of considerable recent
interest, combined tumor suppressor knockout
mice employing more complex Cre recombi-
nase “conditional” alleles may have consistent
cancer phenotypes which compare closely to
more common human breast cancer pheno-
types (Jonkers and Berns 2002; Borowsky
2003). One of these models, for example,
knocks out Tp53 and Ecad, resulting in a cancer
with striking similarity to invasive lobular carci-
noma, the most common “special type” breast
cancer encountered in women (Derksen et al.
2006). Of note, this phenotype had never been
seen spontaneously in viral mutagenesis, chem-
ical mutagenesis, or even arising in the Tp53
knockout by itself. A more complete descrip-
tion of these Ecad mice is included below.

Erbb2 MODELS

Erbb2 amplification is seen in 25% of human
breast cancers. Erbb2 is normally expressed on
the surface of both mouse and human luminal
mammary epithelial cells, but the expression is
quantitatively increased as a result of gene copy

amplification. Because the mechanism appears
to simply involve increased expression, mouse
models employing highly active promoters
rather than amplification provide a valid surro-
gate molecular model of the human disease.
The William Muller laboratory was discontent
to study only one method of Erbb2 over expres-
sion in the target mouse mammary epithelium,
and have produced a series of engineered mice in-
cluding the Erbb2/ERBB heterodimer mimic,
Polyomavirus middle t antigen (PyV-mT), sev-
eral Erbb2 mutations, and most recently, an acti-
vation mutant Erbb2 targeted to the native locus.
This last model is designed to express an activated
form of the Erbb2 molecule at normal levels,
under normal promoter regulation. Remarkably,
one result of this manipulation is that there is
locus amplification of Erbb2 in some of the
resulting tumors. The details of the variety of
Erbb2 manipulations were recently reviewed
(Ursini-Siegel et al. 2007) and can be found in
Lee and Muller (2010).

Included in the category of Erbb2 models, is
one of the most commonly used transgenic
mammary carcinoma models, the FVB/n
Tg(MMTV-PyVmT) mouse. This mouse em-
ploys a surrogate molecule that mimics the effect
of Erbb2 heterodimers (i.e., Erbb2/Erbb3
dimers) but in a ligand-independent and dimeri-
zation-independent manner. Otherwise, the
downstream activation is very similar with acti-
vation of PI3K, Shc, Src, and also PP2a (Dilworth
2002). This model is therefore molecularly rele-
vant to human cancers, at least those with
Erbb2 amplification. In addition, this model
has important practical advantages. Tumorigen-
esis is 100% penetrant, and tumors have a consis-
tent latency occurring by 20 weeks of age in all
cases. In fact, small nascent tumors can be
detected microscopically much earlier, some-
times as early as 4 weeks of age. Tumors appear
to arise from in situ lesions within a normally
developed ductal tree. Multiple foci of tumor
occur in all of the mammary glands, and the ear-
liest tumors arise in the region of the proximal
(nearer the nipple) gland. These animals develop
pulmonary metastases at very high rates.

The comparative pathology of these Erbb2
models with human cancers includes several
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important considerations. First, as mentioned
above, these mice develop tumors with a signa-
ture phenotype. The phenotype is characterized
by solid growth with minimal but evident resid-
ual glandular lumen formation, and a peripheral
and central zone of larger and more flattened cells
(respectively) representing tumoral differentia-
tion. In contrast, human Erbb2 amplified breast
cancers are highly heterogeneous, with sclerosing
and solid and high and low grade all occurring in
human populations. The human amplified
tumors are more likely to be high grade with solid
and trabecular growth patterns, but essentially all
phenotypes are possible. The mouse tumors are
consistently estrogen receptor weak expressers.
As discussed below, the comparative pathology
of ER expression in mouse versus human is a dis-
tinct issue, and this is also true in the Errb2 mod-
els. Human Erbb2 amplified breast cancers are
most often ER negative, but may also be positive,
even strongly and diffusely positive. In contrast,
the mouse tumors are either negative or weakly
and focally positive, but have been shown to be
at least partially estrogen responsive (Namba
et al. 2005).

NONGERMLINE GENETICALLY ENGINEERED
MOUSE MODELS

A number of approaches for generating chi-
meric mice bearing tumor prone genetics in a
subset or minority of cells have been developed
(Heyer et al. 2010). Introduction of transgenes
via viral infection in vivo has been employed
(Bartek et al. 1991) and transgenic mammary
expression (driven by the MMTV-LTR) of a
viral receptive sequence (“RCAS”) has been
used to increase the efficiency of this approach
(Du et al. 2006). This has the added benefit
of reducing the foci of initiation, more closely
modeling human cancer, but has the disadvan-
tage of relatively low efficiency and technical
difficulty usually requiring nipple cannulation
and duct lavage with the viral preparation.

None of the nongermline approaches is
better developed or as reproducible in utility as
mammary transplantation. Transplantation of
the mouse mammary gland was pioneered in
the DeOme lab and has been used to study the

biology of specific mammary tissues for many
years (Medina and DeOme 1970a,b; Medina
et al. 1970; Cardiff et al. 2002). The developing
mammary gland can be cleared from the ingui-
nal (#4) fat pad by removing the proximal gland
at three weeks of age. This is performed in mice
syngeneic to the expected transplanted tissue
or in immune incompetent nude (nu/nu) or
SCID (Rag2/2) mice. Normal mammary gland
fragments can be transplanted in this way, and
show normal branching morphogenesis, filling
the remaining stromal fat pad. After serial trans-
plantation, normal mammary tissues senesce
after several generations (Daniel and Young
1971). The history and experimental details
involving the development of these techniques
is provided in the articles by Medina (2010)
and Cardiff and Kenney (2011).

Transplantation of normal, hyperplastic,
putative neoplastic or preneoplastic lesions, or
selected cells allows evaluation of the specific
biologic potential with respect to (1) immortal-
ization, (2) phenotype/morphology, (3) prolif-
erative rates, (4) malignant potential, and (5)
metastatic potential. This evaluation has been
called a “test-by-transplantation,” in which ex-
perimental criteria define the lesion rather
than associative morphology,2 as illustrated in
Figure 1. The test may be too stringent in
some respects, because some locally invasive
tumors arising in the fat pad may not be able
to grow ectopically without further adaptations,
but the important point to notice is the role of
experimental criteria–based definitions that
can be used in mice. Meanwhile human disease
potential must be assessed by odds ratios after
best efforts at curative treatment (i.e., one
cannot study untreated tumors in people). The
use of mammary gland transplantation reduces
the complexity encountered in the native trans-
genic models in which it is impossible3 to trace

2The history of the original development of the “test by
transplantation” is provided by Cardiff and Kenney (2011).
3Theoretically, new imaging reporters with combinatorial
recombination of multiple fluorescent proteins might be
used to color code individual initiation foci, but this has
not been applied to mammary tumorigenesis studies, to
my knowledge (as in Livet et al. 2007).
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independent lineages from the multiple emerg-
ing foci of neoplasia seen in these models. Iso-
lation of individual gland segments, foci of
hyperplasia, cysts, or other lesions can be ac-
complished in this way. Also notable, in mice
bearing tumor suppressor knockouts such as
the Tp53 knockout mouse, transplantation
of the mammary gland permits evaluation of
the effect which would otherwise be severely
time limited because of the other malignancies
(chiefly lymphomas) which occur in the knock-
out animals. In contrast, transplantation of
Tp53 null mammary epithelium from a youn-
ger knockout animal into a Tp53 wild-type
(“normal” syngeneic) mouse precleared fat pad
allows the development and progression to ma-
lignancy to be evaluated over the lifespan of
the mouse.

With recent evidence for mammary “stem”
cells, and mammary cancer “stem” cells, trans-
plantation into cleared fat pad has been an
important functional test for the potential of

individual cells (Alvi et al. 2003). In many
examples, dissociated cells are injected in serial
dilution studies, but in some examples, a single
cell has reportedly been transplanted giving rise
to a complete ductal tree (Shackleton et al.
2006). This work is reviewed in detail in the
article by Visvader and Smith (2011).

THE MINO MODEL

In order to overcome the problem of multi-
focality inherent in transgenic oncogene
expression models, serial transplantation of
precancerous mammary epithelia derived
from the FVB/n Tg(MMTV-PyVmT) mouse,
and resulted in a consistent progression model
(Maglione et al. 2001, 2004; Namba et al.
2004). This model, called mammary intraepi-
thelial neoplasia outgrowth (MINO) has be-
come an important model of the human
precancer lesion, ductal carcinoma in situ
(DCIS). Each of the six MINO lines meets the

The “TEST-BY-TRANSPLANTATION”

C
Donor mouse

Transplantation

Intact mammary
Gland or lesion tissue

Orthotopic site:
(Gland cleared mammary fat pad) Orthotopic

Orthotopic

Orthotopic

Early Early

Serial transplants

Serial transplants

Serial transplants

Late Late

Progression
over time

Progression
over time

Ectopic site:

Ectopic

Ectopic

Ectopic

Ectopic

No growth

No growth

No growthNo growth

Normal growth

Abnormal growth

Senescence

Growth Growth

Expansile/invasive
Expansile/
invasive

No growth No growth

Immortal

Immortal/
nonsenescent

Abnormal growth

(Subcutaneous)

Recipient mouse

Precancer

A Normal tissue

B Hyperplasia

Orthotopic
Serial transplants

Ectopic
Ectopic

Growth
Growth

Expansile/invasive Immortal

D Cancer

Figure 1. The test by transplantation. Transplantation in orthotopic or ectopic sites provides an experimental
definition for normal (A), hyperplastic (B), precancer (C), or cancer (D) in mammary epithelial tissues. Fresh
tissue fragments can be harvested from a “donor” mouse and transplanted into a “recipient” mouse, either in the
orthotopic site—a gland-cleared mammary fat pad—where the tissue proximal to the lymph node in the ingui-
nal mammary stroma is removed at 3 weeks of age; or, in an ectopic site such as subcutaneous stroma. (A) Nor-
mal tissue transplanted into the orthotopic site yields a normal gland outgrowth, but does not grow ectopically.
After sequential “serial” transplant generations, the normal tissue will senesce, eventually resulting in no out-
growth. (B) Hyperplasias, in contrast, will not senesce after multiple serial transplant generations, but they still
will not grow ectopically. (C) Precancer tissues are defined by immortal growth in serial transplantation, but are
also defined by a progression to a lesion that will grow ectopically. (D) Cancer tissues, meanwhile, are consis-
tently able to grow in either the orthotopic or ectopic site.
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test-by-transplantation criteria: (a) grows in
gland-cleared fat pad (orthotopic); (b) does
not grow in the subcutis (ectopic); (c) does
not senesce over many generations of trans-
plantation; and (d) consistently transforms to
a phenotype characterized by an ability to
grow in the subcutis (ectopic). The time or
latency to transformation is consistent within
a given MINO line over multiple transplant
generations, though different lines have dif-
ferent latencies. Gene expression analysis and
hierarchical clustering shows that a MINO
transplant and the transformed lesion arising
within it are more closely related than any two
MINO lines or any two transformed tumors
(Maglione et al. 2004; Namba et al. 2004).
This is exactly analogous to findings in human
DCIS and paired invasive cancers (Sgroi et al.
1999), providing a molecular validity of the
model even in the context of tumor (and pretu-
mor) heterogeneity. This model has now been
used in a series of preclinical trials and chemo-
prevention studies capitalizing on the high re-
producibility/consistency of the model as well
as the ease of setting up a simultaneous cohort
of animals through transplantation (Abbey
et al. 2004, 2006; Namba et al. 2005, 2006).

TUMOR SUPPRESSOR KNOCKOUTS

A number of mouse models of tumor suppres-
sor loss, either as germline knockouts, or as
somatic “conditional” knockouts in specific
cell subsets have been developed. The most
commonly studied is the Tp53 knockout mouse
(Medina et al. 2002). Several additional tumor
suppressors have also been targeted in the study
of mammary cancer progression. Rb has been
targeted, but most often, the combination of
Tp53 and Rb is targeted using the SV40 large
T antigen as a transgene (Maroulakou et al.
1994). Because SV40 large T functions primar-
ily to inactivate these two tumor suppressors,
this transgenic mouse is therefore included
here with the tumor suppressor knockouts.
Additional tumor suppressors targeted in-
clude the Bloom’s syndrome gene Blm1, the
familial breast cancer genes Brca1, Brca2, and
E-Cadherin.

Tp53 KNOCKOUTS

Three approaches have been taken in order to
study Tp53 knockout absent the confounding
factors of nonmammary tumors. The non-
mammary tumors encountered most com-
monly in these germline (total body) Tp53
knockout models are (in order of incidence
rates) thymic lymphomas, other lymphoma,
hemangiosarcoma, teratoma, osteosarcoma,
and Hardarian gland tumors (Cressman et al.
1999; Kuperwasser et al. 2000). Mammary
tumors occur in these mice at �1%–2%. This
is a significant practical limitation, but avoid-
able using one of three approaches. (1) Tp53
null mammary epithelium transplanted into
syngeneic or immune incompetent and Tp53
wild type recipient mice using gland-cleared
mammary fat pad transplantation. The ap-
proach uses the same mammary transplanta-
tion techniques described above and, similarly,
permits the evaluation of the growth and phe-
notype of an isolated segment of mammary
gland. When Tp53 mammary epithelium is
transplanted, a wide variety of latencies and
phenotypes were seen and selective serial
retransplantation of several desirable pheno-
types has been employed in order to perpetuate
these as independent models (Jerry et al. 2000;
Kuperwasser et al. 2000; Medina et al. 2002,
2005). (2) Cre recombinase conditional Tp53
allele (loxP flanked exons via “knock-in” gene
targeting) crossed with a mammary-specific
Cre expressing transgene. These mice will have
somatic cell conversion to a null allele of either
a heterozygous or homozygous conditional
allele. The result is a loss of Tp53 in most, but
not all of the mammary epithelial cells oc-
curring after gland development (Lin et al.
2004). (3) Transgene expression in the mam-
mary epithelium of either SV40 large T anti-
gen (which binds to and inactivates Tp53 and
Rb) (Maroulakou et al. 1994) or a mutant
form of the Tp53 protein with dominant-
negative activity such as the R270H muta-
tion or R172H mutation (Li et al. 1994, 1998;
Wijnhoven et al. 2005). All three of these
approaches have been employed in the study
of mammary cancer.
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Regardless of the approach, dominant-neg-
ative transgene, null epithelium transplanta-
tion, or conditional allele, the phenotypes of
Tp53 null mammary tumors are similar or
dissimilar depending on perspective. They are
all characterized by a high level of heteroge-
neity. Tumor phenotypes range from the well
differentiated papillary, pilar, and myoepethe-
lioma patterns often seen as spontaneous le-
sions in mice to higher grade lesions with solid
and spindled growth patterns and often with
high levels of nuclear atypia (Nguyen et al.
2011). There is strong evidence that Tp53 muta-
tion leads to genetic instability, chromosomal
abnormalities, and aneuploidy (Donehower
et al. 1995; Jerry et al. 2000; Kuperwasser et al.
2000). Conceptually, this might be expected. If
the major tumor suppressor effect of Tp53 is
checkpoint control for DNA damage, the
expected effect of loss of this control would
depend on the frequency and array of DNA
damage within a developing cancer. If the
DNA damage is random, as would be the case
in spontaneous tumor studies but also in chem-
ical carcinogen (DMBA) or irradiation experi-
ments, the driving tumor genotype would also
be random. Randomness is reduced only
because faster growing (higher grade) tumors
will evolve more quickly once they are initiated.
The prediction would be a shift toward a more
poorly differentiated (higher grade) tumor,
and this is what is observed experimentally.

Because of the vast array of tumor types
arising in this Tp53 background, a number of
more useful phenotypes have been featured in
reports in the literature, and in some cases
maintained as serial transplants for further
study (Kuperwasser et al. 2000; Medina et al.
2002; Lin et al. 2004). In one study, premalig-
nant lesions with ER positivity and ER depend-
ence were serially transplanted permitting a
detailed study of the time course of progression
and estrogen dependence (Medina et al. 2003).

BRCA1 KNOCKOUTS

The molecular biology of Brca1 and Brca2 and
the mouse models of mutations of these genes
have been reviewed recently (Moynahan 2002;

Evers and Jonkers 2006). Both genes are DNA
repair partners, and human cancers with muta-
tions are characterized by rapid and extensive
chromosomal aberrations.

Brca1 homozygous null alleles in the germ-
line are embryonic lethal (Moynahan 2002).
Mice heterozygous for Brca1 loss show no
increase in tumor development over the back-
ground rate of spontaneous tumors (Cressman
et al. 1999; McCarthy et al. 2007). The addition
of Tp53 knockout to the Brca1 knockout does
increase the rate of mammary tumors, though
the overall tumor rate (tumors of all types)
remains the same (Cressman et al. 1999).
Through the use of a Cre conditional Brca1
allele, a combined homozygous somatic mam-
mary-specific loss of Brca1 with heterozygous
loss of p53 resulted tumor phenotypes consti-
tuting an interesting spectrum. Tumors were
solid in growth and highly proliferative with
anaplastic nuclei. These carcinomas were pre-
dominantly ER and PR negative and all were
ErbB2 negative. They frequently displayed basal
keratins (cytokeratins 5/6 and 14) and also
developed both squamous and spindle cell
metaplasia (McCarthy et al. 2007). The tumor
types have been assessed by gene expression
profile, and this confirms that an array of
intrinsic subtypes are encountered (Wright
et al. 2008). Although the spindle and squa-
mous metaplastic carcinomas are rare in
humans, they do occur. Meanwhile, the basal
keratin-expressing, ER/PR/Erbb2-negative phe-
notype is an important poor prognosis group
in human populations. The role of estrogen
receptor and progesterone receptor in the initia-
tion of tumors in these mice has been docu-
mented (Poole et al. 2006; Li et al. 2007; Jones
et al. 2008). The importance of hormone signal-
ing is surprising, as the tumors themselves are
estrogen and progesterone receptor negative.

Recent work to determine the cell of origin
for Brca1 mouse tumors has shown a surprising
and critical association. By directly comparing
the keratin 14 driven cre conditional to the
BLG cre conditional Brca1 knockouts a distinct
difference in tumor phenotypes was shown.
BLG targeting of the luminal progenitors and
conversely K14 targeting of basal cells was
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confirmed with cell surface phenotype sorting,
and resulted in the luminal progenitor cells giv-
ing rise to the “basal” subtype cancers with the
greatest similarity to human breast cancers.
Meanwhile the basal cells give rise to phenotypes
uncommon in human cancers. (Molyneux et al.
2010). In parallel work on human tumors the
luminal progenitor also emerges as the like-
liest cell of origin (Lim et al. 2009). The mouse
experiments suggest that there may be a plasti-
city in cancer cells which includes “dedifferen-
tiation” or the ability for cancer cells to go “in
reverse” in the differentiation hierarchy/ontog-
eny. In other words, the relationship between the
cell of origin and tumor phenotype may be more
complicated than once suspected. Further evi-
dence for dedifferentiation and even redifferen-
tiation toward alternate lineages requires
detailed cell progeny tracking and orthotopic
transplantation.

BRCA2 KNOCKOUTS

Similar to Brca1, Brca2 germline homozygous
null mice are embryonic lethal and somatic
loss of Brca2 does not result in increased mam-
mary tumor incidence by itself. Using a keratin
14 promoter to drive Cre expression and com-
bined with Tp53 heterozygous or homozygous
loss, the incidence of mammary (and also skin)
tumors was dramatically increased (Jonkers
et al. 2001). Mammary tumor phenotypes in
these mice were heterogeneous, but the more
basaloid appearance was described as being the
most common. This is a distinct contrast with
human Brca2 related tumors, which are usually
ER positive (luminal phenotype) without Ck5
expression and without Erbb2 amplification
(Bane et al. 2007).

ECAD KNOCKOUTS AND LOBULAR
CARCINOMA

Another of the models employing the Cre con-
ditional knockout alleles in combination is a
combined epithelial cell–specific knockout
of E-cadherin and Tp53 (Derksen et al. 2006).
E-cadherin loss of expression is associated
with the most common “special type” of breast
cancer in humans, invasive lobular carcinoma

(ILC), and some have advocated a diagnosis
based on this molecular criterion. The term
“special type” in breast diagnostics implies
that these tumors have both (a) a characteristic
phenotype, and (b) special behavioral or prog-
nostic characteristics. In the case of ILC, the
phenotype consists of discohesive cells with
small nuclei, and glassy cytoplasm often con-
taining intracytoplasmic mucin. ILC is almost
always estrogen receptor positive, and carries a
better prognosis than nonspecial type mam-
mary carcinomas (invasive ductal carcinomas).
Metastases in ILC are less frequent and may have
long latency.

This model of E-cadherin and TP53 loss in
the mouse mammary epithelium results in
invasive mammary carcinomas with several
critical features in common with ILC (Alvarez
et al. 2006). Perhaps the most striking is the his-
tologic phenotype, characterized by discohesive
cells with the same kind of “single file” and tar-
getoid to diffuse invasive architecture seen in
the human phenotype. The real success of the
model, however, is the elucidation of the role
of E-cadherin loss in the initiation of ILC.
Hitherto, in the human disease, it was largely
unknown if the E-cadherin loss helped to ini-
tiate the disease, if it helped to drive the special
behavioral characteristics, or if it was only a
marker of these special properties but unrelated
mechanistically. Here, the mouse model proves
that the E-cadherin loss can contribute to the
initiation of an invasive carcinoma with a
human ILC like phenotype, and constitutes a
new “signature” phenotype, which is a pheno-
copy of the human tumor. The model is not
absolutely faithful to the human phenotype in
several respects, however. First, the mouse
tumors are estrogen receptor negative, whereas
human tumors are almost always positive (per-
haps 100% if strict diagnostic criteria are used).
Second, and potentially related to the first, the
mouse tumors tend to be more densely cellu-
lar and have higher proliferation rates. Individ-
ual cell cytology may be more pleomorphic.
Human tumors with these features are excluded
from the “special type” category and imply the
same prognosis and behavior as nonspecial
type mammary carcinomas (invasive ductal
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carcinoma). The findings in this mouse model
show that a molecular classification of tumors
with E-cadherin loss defines a group of tumors
including ILC as a sub-set. The mouse model
permits the study of the progression in this
molecular/phenotypic “pathway pathology”
representing a major advance. Already, the
mouse model has helped to address the contro-
versy of “lobular carcinoma in situ” (LCIS) as a
potential precursor to ILC. Despite cytologic
similarities in the human, epidemiologic evi-
dence implies that LCIS does not progress to
ILC and is therefore regarded as a “risk marker”
lesion rather than a “pre-invasive” cancer
(Tchou and Morrow 2003). The mouse model
appears to confirm this, because the earliest
lesions do not expand or repopulate the existing
gland tree, as seen in LCIS but instead become
invasive very early in progression (Derksen
et al. 2006). Another critical observation is
seen in a follow-up paper, in which the cre
recombinase is driven by the wap promoter
instead of K14 (Derksen et al. 2011). The tumor
phenotype is identical (still a “pleomorphic”
lobular carcinoma morphology) suggesting
that the genetics are dominant over the cell of
origin, at least in this specific context. Also ex-
tremely interesting is the widespread (human-
like) metastasis pattern with lymph node, liver,
intestinal, and bone involvement as well as lung
(Derksen et al. 2011).

TUMOR MICROENVIRONMENT
IN MOUSE MODELS

The mouse mammary fat pad is a specialized
stroma for mammary epithelial growth. In con-
trast to the human breast, it has a very low ratio
of collagenous or fibrous stroma to adipose tis-
sue. Although scant and hard to visualize, an
organized collagenous stroma structures the
mouse fat pad prior to gland development.
Along with gland development, a periductal
stroma develops, similar to human breast tissue.
Mouse models have been employed to show
roles for myoepithelium and stroma in limiting
epithelial cancer progression (Hu et al. 2008;
Bissell and Hines 2011) In some cases, the
tumor associated stroma can promote cancer

development of otherwise normal (i.e., nonen-
gineered) epithelia and can even reprogram
uncommitted progenitors from nonmammary
origins to become a part of the mammary can-
cer (Boulanger et al. 2007; Booth et al. 2008).
Mouse models, unlike human cell xenografts
in mice, permit study of the role of inflamma-
tion. Interestingly, roles for both immunopro-
tection against cancer as well as immune cell
promotion of progression and metastases have
been shown (DeNardo et al. 2009). This area
is covered in much greater detail in the article
by Coussens and Pollard (2011). In one provo-
cative series of experiments, it was shown that
macrophages contribute to metastasis in the
PyMT transgenic mouse by associating with
tumor cells and escorting them away from the
tumor (Wyckoff et al. 2007; Kedrin et al.
2008). The details of this experiment are dis-
cussed in the article by Condeelis and Weis-
sleder (2010).

SUMMARY

The combination of advanced techniques for
genetically engineering the mouse mammary
gland, and transplantation techniques for iso-
lating and maintaining individual mammary
lesions with specific characteristics has resulted
in a new level of mammary cancer modeling.
Pathologic validation remains critical in evalu-
ating these new models (Cardiff et al. 2004).
Newer molecular analyses, gene expression pro-
files, and sequencing are included, and can be
used to quickly compare tumors within and
between models and human tumor samples.4

4Several of the common mouse models discussed here have
been compared in cross-species gene expression analysis–
based hierarchical clustering (Herschkowitz et al. 2007).
These data were interpreted to show that some models
have “signature” genomic profiles similar to the “signature”
phenotypes described by Cardiff and similar subsequent
analyses. Other models, including p53 mutations and also
the chemical carcinogen DMBA-induced tumors, have
much greater heterogeneity spanning different human
tumor subtypes. Gene expression subtyping is not yet a
part of the routine clinical assessment of patient cancers,
and interpretation of the gene expression data out of context
is probably an oversimplification of the complex tumor
biology. As such, it is just one of many measurements of
tumor attributes for comparison and validation.
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Validation is the process of delineating the
attributes of an experimental system that accu-
rately match the attributes of human disease.
A guide and vocabulary for defining these
attributes in mouse models of mammary cancer
has been offered (Cardiff 2001).

Even when precisely defined molecular
changes are engineered to match the human
disease, important differences between the
model and the disease are inevitable, and need
to be characterized and considered in experi-
mental design whenever one is using the model.
There has been great success in modeling spe-
cific molecular alterations, and many of these
have yielded characteristic and consistent phe-
notypes. Models of Erbb2 amplification are
perhaps the most well represented, and include
the MINO model of DCIS, which offers a prac-
tical and consistent model of precancer progres-
sion. Other models such as the Tp53 knockouts
recapitulate the genetic instability common in
human breast cancer. The phenotypes that re-
sult are heterogeneous, and some of these reflect
common human breast cancer phenotypes, but
some do not.

These differences between mouse models
and human disease leave new challenges for
improving the models, but also reflect the diffi-
culty inherent in modeling human cancers.
Human cancers are genotypically, phenotypi-
cally, and behaviorally heterogeneous, with
multiple recognized types and potential over-
laps of these types adding to the complexity. A
perfect model should be molecularly defined
and phenotypically consistent. Inevitably this
means that the model reflects only a small pro-
portion of human cancers, and implies a need
for hundreds of distinct models. Alternatively,
a given model might give rise to a complex array
of genotypes and phenotypes, but this limits
the practical and statistical utility by removing
consistency. Ultimately, the model must serve
the needs of the experiment. The precise ques-
tions of the experiment and the expected end-
points to be measured may be relevant and
realistic in one model, but not in another. The
future of mouse models of breast cancer will
see further development of specifically engi-
neered models with reproducible well validated

attributes. These models will be freely available
and carefully archived, just as eukaryotic cell
lines are today (Xu et al. 2003). The availability
of the models and the validation data will make
easy selection for specific experimental ques-
tions possible.
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