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Breast cancer is the most frequent spontaneous malignancy
diagnosed in women and is characterized by a broad histologi-
cal diversity. Progression of the disease has a metastasizing
trend and can be resistant to hormonal and chemotherapy.
Animal models have provided some understanding of these
features and have allowed new treatments to be proposed.
However, these models need to be revised because they have
some limitations in predicting the clinical efficacy of new
therapies. In this review, we discuss the biological criteria to
be taken into account for a realistic animal model of breast
cancer graft (tumor implantation site, animal immune status,
histological diversity, modern imaging). We emphasize the
need for more stringent monitoring criteria, and suggest
adopting the human RECIST (Response Evaluation Criteria in
Solid Tumors) criteria to evaluate treatments in animal models.

Introduction

Breast cancer is the most frequent spontaneous malignancy
diagnosed in women and still bears a high mortality rate.1 The
breast epithelium is particularly sensitive to carcinogenesis because
mammary glands undergo several marked changes during the life
span of a reproductive female (puberty, pregnancy, lactation and
menopause), which are mediated by different hormones and
growth factors.2 Although current treatments increase patient
survival,3 the benefits vary noticeably among different patient
groups, and metastasized or chemoresistant cancers still have a
poor prognosis. Thus, more effective treatments, particularly in
the latter cases, are needed. Following in vitro studies, the typical
development of a new cancer chemotherapy includes in vivo
experiments conducted on animal models to define the efficacy
(potential activity determination), the ADME pharmacological
parameters (drug absorption, distribution, metabolism and elimi-
nation) and the toxicological profile.4 These animal models are,
therefore, crucial prerequisites for cancer therapy development.

Xenografts of human tumors in immunodeficient mice remain
the models of reference for testing cancer drugs.5 In addition to
being among the best genetically characterized mammals, rodents

are small in size, cheap, have a short generation time, a high
incidence of human-tumor engraftment, and a lot of scientific
tools available for their study (antibodies, markers). However
these xenografts have limitations in cancer drug development.
Although the approval rate of all investigational new molecules
(non-cancer treatments included) is around 10%,6 the rate for
new oncology molecules is only around 5%.7 This low rate may
reflect a dysfunction in the drug development process for cancer,
where preclinical animal studies play a central role. In contrast to
original in-human tumors, an induced in-rodent tumor may to be
easier to cure and may therefore generate false positive responses
to treatments.8,9 Indeed, the number of anticancer agents that are
effective in animal models only to fail in human clinical trials
has markedly increased in recent years, and improvements in the
selection procedures of new molecules are clearly required.

This review will focus on the scientific prerequisites which
appear to be mandatory for the validation of clinically relevant
breast cancer models. We will cover the following areas: the choice
of species, immune status of animals, tumor type, tumor location
and microenvironment, monitoring technologies and interpreta-
tion criteria.

What are the Current Therapeutic Challenges
in Human Breast Cancer?

Despite recent improvements, human breast cancer remains a life-
threatening disease with a mortality rate of around 20% at 5 y.
This severity is due to several features of the disease including, (1)
metastatic potential, (2) hormone resistance, (3) chemo-resistance,
and (4) histological heterogeneity. The metastatic potential of
breast cancer is well known, and lymph nodes as well as sentinel
nodes are carefully examined during the early phases of staging.10

Metastases bear a particularly poor prognosis and the median
survival of patients with metastatic breast cancer is only 2–3 y.
The bones, lungs, liver, and brain are preferential sites for the
development of breast metastases.11 Development of bone
metastases occurs in over 70% of metastatic breast cancer cases
and is usually incurable.12 Although some patients benefit from
hormone treatment when their cancer is sensitive to these
agents,13 resistance is a frequent problem.14 The period of time
during which hormones are active is limited, and most tumors
become resistant.15 Furthermore, resistance to major anticancer
therapies, including the most recent ones, is another major cause
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of death in patients. Finally, breast cancer is quite heterogeneous,
as shown by recent molecular studies of tumor profiling, and it is
more appropriate to speak of several types of breast cancers rather
than of breast cancer as an entity. Recently, a classification of five
histological types has been proposed based on gene expression
studies.16-18 These features should be compared with the animal
models of breast cancer, which are currently available for research.

What are the Currently Available Animal Models
of Breast Cancer?

Several types of animal models are available: (1) chemo-induced
cancers, (2) transgenic animals, and (3) grafted cancers. Chemo-
induced cancers are obtained usually after injection DMBA or
MNU.2,19 The tumors appear some weeks after exposure to the
chemical agent but the site of occurrence is unpredictable and the
same animal may have several tumors. Chemo-induced models
are mainly used for studying prevention and early oncogenic
phenomena and are not often used to test anticancer agents. In
transgenic animal models, a gene is introduced into the animal’s
DNA and the coded protein is over expressed or under expressed
to study its role in the oncogenic process. Most of these models
have been developed in the mouse and most of the studied
proteins are controlled by an MMTV promoter.20 Protein
modification in these models increases the occurrence of breast
cancer, although several tumors can been seen at the same time
and the site of occurrence in the animals is unpredictable.
Maintaining these animal lines is quite expensive. As with the
chemo-induced models, transgenic models are not frequently used
to test anticancer treatments. At present, the most commonly
used animal models to test new therapies are grafted models, in
particular human xenograft models.21 These models have many
advantages: several cell lines are available, the cancer cells can
be grafted onto animals at a specific site on the same day, and
tumor growth is usually reproducible among the different
animals allowing the formation of treatment groups and reliable
statistical analysis. However, there are also limitations to grafted
animal models.

Animal models of breast cancer with bone metastases are
uncommon. Several murine metastatic models exist that use
transgenic rodents predisposed to mammary epithelium tumor
formation and subsequently to metastases.22,23 However, bone
metastases are rarely observed in these models. Another experi-
mental rodent model of bone metastasis consists of a cancer
cell injection directly into the circulation, either by injection into
the tail vein or the cardiac left ventricle of an immunodeficient
animal.24,25 These models can be useful to examine and identify
the factors involved in the proliferation of breast cancer cells
that have been directly deposited into bone. However, they do
not replicate the early events of metastasis from the primary
tumor site and may therefore not encompass the molecular
mechanisms by which most breast cancer cells are attracted to
bone in patients.

Breast cancer is a highly heterogeneous disease and heterogen-
eity is often obvious even within the same tumor. Based on gene-
expression profiles from microarray studies, five major subtypes of

human breast cancers have been described: normal-like, luminal
A, luminal B, basal and ErbB2 positive.26 In contrast, in most
preclinical studies of breast cancer, only one of three human
breast cancer cell lines (MCF-7, T47-D and MDA-MB-231) has
been used.21 Unfortunately, none of these cell lines gives rise to a
typical human breast cancer. Discrepancies regarding hetero-
geneity appear to be at least partially responsible for the over
prediction or under prediction of treatment efficacy.5 To represent
human tumor heterogeneity, the generation of several new rodent
breast cancer cell lines could be an option. In this way, tumors
from transgenic animals could be used, and many oncogenes
have been placed under the control of MMTV resulting in various
types of mammary tumors. Many of these transgenic mice induce
tumors that have a distinctive pathology dependent upon the
initiating oncogene.27 For example, the polyomavirus middle T
(PyV-mT) transgenic mouse model of breast cancer expresses
six well-characterized phenotypes.28 In addition, transgenic mice
with the PIK3CA mutation develop carcinomas with different
phenotypes composed of cells expressing luminal or/and basal
markers29 based on Perou’s classifcation.16 Cell lines with resis-
tance to different therapies such as hormonotherapy and chemo-
therapy could be very useful to study multiresistant tumors and
some teams have generated new cell lines for this purpose. An
adriamycin-resistant human breast tumor cell line (MDA-A1R)
was generated by step-wise selection of increasing concentrations
of drug from the parent cell line MDA-MB-231.30 However the
number and the use of these cell lines remain limited.

What are the Options to Generate New Animal Models
of Breast Cancer?

To develop new and more reliable breast cancer animal models,
several considerations have to be made.

The choice of the species: rat vs. mouse. Rodents, usually rats
or mice, are the most frequently used species for animal models.
Although mice are the most commonly used species for cancer
research, rats are an interesting alternative and have many
advantages in the case of rodent syngeneic grafts. Indeed, several
authors report that rat tumors more closely resemble many
aspects of human breast cancer pathology when compared with
mice tumors.20,31-35 Like human tumors, rat mammary tumors
are most of the time estrogen dependent (. 80 and . 70%,
respectively), whereas mouse mammary tumors usually have an
estrogen-independent growth.31,36-38 Most rat mammary cancers
are sensitive to hormone therapy32 which is also the case for
human breast cancers. Similar to most human breast cancers,
chemically induced rat mammary tumors (DMBA) are of ductal
origin,38 with the ductal subtype accounting for 40–75% of all
diagnosed cases.37 There is no known viral etiology for breast
cancer in human and rat tumors,35 whereas mouse mammary
tumors are often associated with a virus,2,33 usually the mouse
mammary tumor virus (MMTV). For several authors, the rat
strain is a species that more closely mimics the development of
human breast cancer than the mouse strain.39 The hormonal
milieus, as well as the different steps of oncogenic transformation,
are quite similar in rats and in humans. Thus, in rat transgeneic
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models, important genes could be overexpressed, such as neu, ras,
mutated or deleted p53, such as BRCA1 or BRCA2, to produce
a humanized cancer model.34,40 The modifications of gene
expression could also be combined or be conditioned by using,
for example the Cre-Lox system.40 All of the gene modifications
will have to be guided by gene-expression studies performed on
human cancers. Transgenic rat models were found to more
closely resemble human disease than transgenic mice harboring
the same constructs.34 Moreover, in rat models (chemo-induced,
grafted, transgenic), benign tumors, such as intraductal papi-
lloma, papillary cystoadenoma and adenoma, as well as malignant
tumors, such as papillary carcinoma, cibriform carcinoma,
comedo carcinoma, and tubular carcinoma have all been identi-
fied.41 Most of these neoplasic lesions found in the rat mammary
gland have their counterparts in human pathology. The excep-
tions are human-specific lesions, such as lobular carcinoma and
Paget’s disease, which have no counterpart in the rat. These data
indicate that the rat model may recapitulate more phenotypic
heterogeneity as seen in human breast cancer. The rat species is
also an interesting alternative to mice as the size of a rat makes
it easier to use modern imaging in follow-up, such as PET-scan,
Spect-scan or CT-Scan. This is critical to produce reliable data.
The strong similarities between rats and humans regarding many
aspects of breast cancer, in our opinion, make the rat species a
better experimental species, even though rats are less frequently
used than mice in preclinical research today.

Impact of immune status of the grafted animal. Clinical and
experimental studies indicate that innate and adaptive immune
cells play a major role in cancer progression and eradication. For
example, in breast cancer, tumor infiltration by T cells is asso-
ciated with a favorable prognosis.42 Moreover, researchers are
now investigating the efficacy of novel anticancer strategies based
on immunotherapeutics that either bolster antitumor adaptive
immunity or neutralize the cancer-promoting properties of innate
immune cells.43 However, most of the cell lines used in cancer
studies today are grown in immunodeficient animals, which fail
to take into account the impact of the immune system in
treatment. We discuss the possible options regarding this
important issue.

Immunodeficient strains. Immunodeficient rodent strains have
been generated by genetic engineering. Today, there are over
30 loci where different mutations have been shown to produce
an immunocompromised phenotype in mice or rats. The two
most used models are the scid (severe combined immune
deficiency) and nude mouse strains.5 Rodents with scid muta-
tions fail to rearrange the genes encoding antigen-specific
receptors on T and B cells.44 In these mutants, B cells cannot
be detected in blood and the remaining T cells are defective. This
model has no major defects in macrophages and natural killer
(NK) cells, but the lack of lymphokines required for specific
activities can result in functional impairments.45 Rodents with
the nu mutation are also called “athymic nude” rodents although
a residual thymus is present in some cases. B-cell maturation is
defective in these mutants but normal virgin B cells are present.
T-lymphocyte levels are very low, as are responses to T-cell
dependent antigens. The NK and macrophage activity in this

model are comparable to wild-type rodents.46 Both of the above-
mentioned strains are deficient in their specific immunity. They
require numerous precautions in handling and need to be kept
under sterile housing conditions (food and water have to be
sterilized). Their life span is quite short and they are expensive
to breed. More importantly, as the immune system plays a
tremendous role in cancer development and treatment, it appears
pointless to use animals with an inactivated immune system when
trying to develop a new anticancer therapy.

Immunodepressed animals. To avoid total inhibition of the
immune system, in 1978 Steel et al. proposed to graft normal
animals in combination with immunosuppression techniques
such as thymectomy and whole-body animal irradiation.47 This
allowed successful grafts of human tumor cells in rats or mice.
Animal irradiation was also combined with immunosuppressive
drugs such as cyclosporin A or cyclophosphamide and resulted
in a 100% engraftment of mice tumors. This percentage was
lower when grafting rats with human cancer cells.47 Later,
cyclosporin A was used alone by Goodman et al.48 who, for the
first time, successfully grafted a human melanoma in an immuno-
competent rat. Thus, immunocompetent animals treated with
immunosuppressive agents are less restrictive regarding sterile
housing conditions, as well as being expensive than immuno-
deficient animals. Moreover, these animals have a residual
immune response and could thus be a good alternative to
immunodeficient strains for xenografts. However in these
models, immunity is still impaired which is still a drawback
when trying to closely mimic human breast cancers.

Immunocompetent animals. The immune system plays a key
role in cancer development, eradication and progression.49 In
addition, some chemotherapies also influence the immune
response. Administration of taxanes to women who were
surgically treated for regional breast cancer was associated with
higher levels of T-cell activation and NK cell activity when
compared with a group of women not receiving taxanes. In the
long-term, this activation induced better control of tumor
growth by the immune system.50,51 In contrast, cyclophos-
phamide decreases macrophage activity which is essential for
innate immunity reactions.52 In the latter case, knowing the
impact of chemotherapeutic drugs on the immune system allows
their side effects to be managed by giving a treatment which
compensates (stimulates) macrophage activity. Interestingly, syn-
geneic grafts can be performed in immunocompetent animals.
These grafts have the advantage of avoiding the need for immuno-
suppressed animals. Several types of rodent cell lines already exist
which can be used in syngeneic grafts. They come from a
spontaneous tumor or a transgenic induced tumor. Table 1
summarizes most of the available rodent cell lines including the
most frequently used human breast cancer cell lines. Recent
progress in the fields of carcinogenic agents and transgenesis
technologies has allowed the development of new rodent cell
lines expressing specific receptors and growth factors.

Synergenic grafts vs. xenografts. Today, human cell lines are
usually used as xenografts in immunodeficient rodents. However,
species specificities may be important in cancer development.
Kuperwasser et al.23 developed an animal model bearing human

www.landesbioscience.com Cancer Biology & Therapy 857



©2011 Landes Bioscience.
Do not distribute.

breast cancer metastasis. In this model, female immunodeficient
(nod/scid) mice were implanted with small human bone frag-
ments in subcutaneous tissues and were orthotopically injected
with human breast cancer cells a few days later. Bone metastases
were found only in human implants and not in the mouse
skeleton indicating a species-specific osteotropism. The behavior
of breast cancer cells in the rodent model was altered in response
to the varying microenvironment.53 In contrast with human
mammary stroma, rodent stroma contains a reduced number of
fibroblastic cells.54 Cytokines and hormones secreted from
fibroblasts—which have a key role in tumor proliferation and
vascularization (see next section)—also have a species specificity
which may explain why human breast tumors have difficulty in
growing in rodents, even under immunocompromised conditions.
Moreover, human tumor cells generally metastasize poorly in
mice/rats, and even when metastasis does occur, unexpected
metastatic characteristics are often observed. In contrast, murine
tumor cell models often metastasize more effectively and display
metastatic characteristics closer to those observed in cancer
patients.55 Several syngeneic models have been developed, for
example the murine 4T1 model.56 The 4T1 tumor cell line is
derived from a subpopulation line isolated from a spontaneously
arising mammary tumor from a Balb/cfC3H mouse strain. This
model is one of a few breast cancer models with the capacity
to efficiently metastasize to sites usually affected in human
breast cancer57 (i.e., lungs, liver, brain and bone). Moreover, this
model has the advantage of presenting several variant cell
lines, some resistant to chemotherapies (6-thioguanine), and
some non-metastatic.58

We believe that human cells are generally not fully adapted to
grow in rodents and do not behave as they would in a human
body. Thus, syngeneic models appear to be a better strategy to
mimic cancer development. However, much work still needs to
be done on syngeneic cell lines (generation, isolation, character-
ization, classification) before they can replace human breast cell
lines. To our knowledge, such an endeavor has not yet been
started.

Impact of microenvironment: ectopic vs. orthotopic grafts.
Tumor progression requires a constantly evolving network of

interactions between neoplastic cells and their environment which
is made of epithelial mammary cells, proteins of the extracellular
matrix (ECM) synthesized by stromal cells (fibroblasts, adipo-
cytes, vascular cells), and a mix of cytokines and growth factors.

Impact of mammary cell secreted factors on tumor development.
Mammary exocrine glands produce many hormones, growth
factors and cytokines which may stimulate carcinogenesis of
normal epithelial cells and support progression of tumor cells.
These factors not only trigger the multiplication of cancer cells,
but also increase the protection against apoptosis and induce
metastases. Furthermore, some breast cancer cells overexpress
some of these factors. The main hormones secreted by the
mammary glands are estrogens and prolactin, which in some cases
lead to carcinogenesis.

Aromatase catalyzes the conversion of androgens to estrogens
[Estradiol (E2), estriol, estrone],59 which is the rate-limiting step
in estrogen biosynthesis. Over the past few decades several groups
of investigators60 have localized aromatase enzyme in mammary
adipocytes (which represent 70% of the mammary gland) and in
epithelial cells. This enzyme can synthesize estrogen in situ.61 The
amount of E2 produced in breast tissue is considered to be
the most important factor in the development of cancer.62 As the
concentration of estrogens produced by mammary glands is high,
these estrogens are partially responsible for the proliferation and
metastatic activities of mammary cells.63 This may generate
noticeable differences in tumor growth when a graft is performed
in mammary tissue as opposed to subcutaneous tissue. In addi-
tion, some estradiol metabolites (particularly catechol estrogen-
3,4-quinones) are genotoxic mitogens.64 They can bind DNA and
cause depurination, which results in additional mammary-cell
mutations.65 Prolactin is also an important hormone as it is almost
exclusively produced by mammary cells and increases cell pro-
liferation.66 It also stimulates cytoskeleton modulation which
induces breast cancer cell motility and the ability to metastasize.67

Prolactin also protects breast cancer cells against apoptosis.68

These hormones, which actively participate in cancer develop-
ment, are secreted at a higher level in mammary cells than in
subcutaneous cells, making the subcutaneous models a less
reliable representation of human breast cancers.

Table 1. Common human and rodent cell lines used in breast cancer animal models. Some of their particular features are noted

Estrogen receptor Progesterone receptor ErbB2 receptor Particularities References

Human breast cancer cell lines

BT-474 + + + 21, 116

MCF-7 + + - Cell line most used 21, 116

MDA MB 231 - - - 21, 116

SKBR3 - - + 21, 116

T47-D + + - 21, 116

Rat mammary tumor cell lines

UHKBR-01 + + - Same Vimentine, Desmine expression levels as T47-D 117

64–24 - - - Low expression of androgen receptor 118

Walker 256 - + - Rare phenotypic feature particularly aggressive 119

RM22 + - NA Established from a mammary carcinoma chemoinduced
(MNU)

120
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Impact of microenvironment on vascular network formation.
Studies have shown that the site of tumor implantation affects
vascular development and has a tremendous impact on tumor
growth,69,70 although this has not been reported for breast cancers.
However, this impact is tumor-dependent and may be variable.
Zechmann et al.71 compared vascularization of prostate cancer
grafts in ectopic (subcutaneous) and orthotopic sites. Ectopic
prostate tumors were more vascularized than orthotopic ones.
This was not confirmed by Tsuzuki et al., who used a pancreatic
cancer model and found that ectopically grafted cancer cells are
more vascularized.72 Indeed, the growth rate of a cancer model is
due to three main factors: cancer cells, mammary gland cells, and
vascular cells. Clearly, the interactions of these cells must be
considered because increases in tumor vascularization could either
favor the access of chemotherapeutic drugs to cancer cells or
facilitate tumor growth. This may have direct therapeutic con-
sequences since numerous pro-angiogenic factors are targeted by
anti-angiogenic therapies.

Impact of stroma and ECM on tumor development. Fibroblasts
are a major stoma component and have a well-recognized role in
carcinogenic processes.73,74 They are a source of factors that
influence the growth of carcinoma cells and angiogenesis.74

Several families of growth factors, implicated as autocrine and
paracrine mediators of stromal-epithelial interactions, are involved
in carcinoma initiation and progression. These include the FGF
family, the insulin-like growth factor-1 (IGF-1) family, the EGF
family, the hepatocyte growth factor (HGF), and the TGF-B
family.74 Most of these are predominantly stimulators of pro-
liferation. Fibroblasts are also largely responsible for the synthesis,
deposition and remodeling of the extra cellular matrix (ECM) in
the stroma. ECM is a complex mixture of proteins, proteoglycans,
and adhesive glycoproteins. It also contains enzymes responsible
for remodeling of the tumor microenvironment such as matrix
metalloproteinases (MMP).75 The most important classes of this
MMP family are collagenases (MMP-1, -8,-13) and gelatinase
(MMP-2, -9). Most MMP are synthesized by fibroblasts and
degrade and modify the EMC structure as well as alter cell-cell or
cell-ECM interactions. These enzymes facilitate the epithelial to
mesenchymal transition (EMT) involved in tumor invasion and
the development of metastases.76 Moreover, matrix degradation
by MMPs allows growth-factor release and generates a space for
endothelial cell migration.77 ECM enzymes are thus indirectly
implicated in tumor angiogenesis, invasion and metastasis. Tumor
cells may also produce altered ECM proteins which are detected
by the immune system. A recruitment of immune cells directed
against these proteins allows the release of cytokines, which
increase tumor growth.78 The resulting inflammation leads to
increased invasiveness and poor prognosis in a variety of cancers.79

As mentioned above, adipose tissue, fibroblasts, vascular
networks and epithelium play an important role in tumor
development. As the cancer progresses, the surrounding micro-
environment co-evolves into an activated state through continu-
ous paracrine communication, thus creating a dynamic signaling
circuitry that promotes cancer growth, and ultimately leads to a
progressive disease. Grafting tumor cells in an adapted micro-
environment therefore appears preferable to achieve a relevant

animal model of the cancer of interest. In contrast to ectopic
sites of implantation, orthotopic sites offer a tissue-specific
microenvironment for grafted cells that will probably result in
a more appropriate model for tumor growth, invasion, and
therapeutic response. In this case, most hormones and growth
factors secreted by the microenvironment could be targeted by
anticancer therapies. For example, estrogens could be targeted by
blocking their receptors (for example Tamoxifen, an estrogen
receptor antagonist) or by suppressing their production using
anti-aromatase molecules (for example Arimidex).80 Angiogenesis
regulators81 can also be used like Bevazucimab, a monoclonal
anti-VEGF antibody prescribed for the treatment of metastatic
breast cancer. Other molecules targeting the microenvironment,
such as MMP inhibitors, are currently in development82 and
require adapted models.

Tumor sample: fragment vs. cell suspension. A cancer can
be implanted into an animal either by injecting a cell suspen-
sion or by grafting a fresh or frozen tumor fragment. In contrast
to injection of cell suspensions of one cell type, a solid tumor
section grafts several cell types at the same time: tumor cells,
fibroblasts, vascular cells. This may explain why the engraftment
could be noticeably different.83 Both methods have their
advantages and drawbacks. Tumor-fragment grafts more closely
mimic the pathology observed in human breast cancer than cell
suspension injection. However, this method has several draw-
backs; the surgical technique is more traumatic than injection of
cell-suspension and associated complications such as hemorrhage,
infection, or abscess are more likely to occur.84,85 It is also difficult
to control the number of viable tumor cells in every fragment;
it is easier to do this using the cell suspension technique.
Furthermore, failure of grafting may occur when necrotic tissues
instead of viable tumor cells are implanted. To reduce the
implantation of non-viable tumor cells, the tumor fragment to
be grafted has to be taken carefully from the periphery of the
‘mother’ tumor. The periphery of the tumor usually contains
more viable cells than the center which is often necrotic with a
sludge-like consistency.86 These measures also reduce variability
in tumor growth and therefore also statistical variability of tumor
sizes. Overall, choosing between fragment or cell suspension will
depend on the model, the experiment load, the expertise of the
investigator and the purpose of the study.

Tumor Monitoring of Drug Response

Tumor monitoring in animals has to be an integrated part of the
experimental strategy. Monitoring gathers important data about
in vivo tumor development, tumor characteristics and tumor
responses to treatment (qualitative or quantitative evaluation).
Classical methods of evaluation tend to be replaced with more
modern methods.

Real-time monitoring. Classical methods. The measurement of
tumor volume can be easily obtained using a simple caliper. This
method is simple and cheap although it can lack accuracy. Tumor
volume (V) is calculated by the Carlsson formula: V = a � b2/2,
where “a” is the largest superficial visible tumor diameter and “b”
the smallest.87 Other tumor volumes are also used as, the ellipsoid
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volume formula88 (π/6 � L � W � H and 1/2 � L � W � H) or
the standard 4/3πr3 formula. Obviously, these methods can only
be applied to external tumors and do not accurately monitor
metastasis. These methods also cannot precisely quantify the
response to treatment which is a requirement of the RECIST
criteria explained below.

Small animal imaging by bioluminescence. Optical imaging uses
bioluminescence89 or fluorescence.90 These methods are based on
the detection of an optic signal produced by a reporter molecule.
Reporter molecules produce a signal by constitutive expression
(such as green fluorescent protein or DsRed producing fluores-
cence), or by enzymatic activation of an inactive substrate (such
as luciferase producing bioluminescence). It has been recently
demonstrated that the transfection of reporter molecules does
not significantly alter tumor cell growth in vitro or in vivo.91

These bioluminescent or fluorescent probes can be used in
preclinical oncology to follow the course of disease progression,
including metastases or responses to treatment. Furthermore,
these methods could be used to monitor gene delivery and gene
expression, evaluate tumor angiogenesis92 and apoptosis, image
protein-protein interaction89 and cell trafficking,93 and to assist in
vivo mechanistic studies.94 Optical imaging methods are non-
invasive, non-radioactive, quantitative, sensitive and have a short
acquisition time. They are also inexpensive compared with other
methods. However, optical imaging of biological tissues is
constrained by technical issues, particularly fluorescence. In fact,
biological chromophores such as hemoglobin absorb light,
decrease penetration and emission of light.95 Since fluorescent
proteins emitting short-wavelength photons in the blue or green
range are detectable at only a few millimeters of depth, research
groups are developing new probes with near and far infrared
fluorescence.96 Among these groups, R. Tsien and his team
developed a set of genetically engineered fluorescent proteins97

from a bacterial phytochrome. These proteins, named IFP1.0 to
IFP1.4, have a maximum absorption wavelength around 685 nm,
emit around 720 nm, are sensitized by systemic injection of
biliverdin and have been used successfully for deeper tissue
imaging (1–2 cm) of cancers in mice. In a different experiment,
Tsien and his group linked an activatable cell penetrating pep-
tide (ACPP) to a fluorophore (Cyanide 5, excitation 640 nm/
emission 735 nm) and used this conjugate to delineate very
accurately the limits of cancers grafted in mice before resection.98

This led to a decrease residual cancer and an improved survival
rate of the mice operated with the help of ACPP-Cy5 cancer
detection. This ACPP-Cy5 was also used to perform a co-
detection by Fluorescence and by MRI.99 Furthermore, Tsien and
coworkers conjugated a near infrared fluorophore (Cyanide 7,
excitation 740 nm/ emission 820 nm) to a molecule able to be
bind to radioactive Fluoride (18F) allowing a co-imaging by
fluorescence (size and localization) and by Positron Emission
Tomography (metabolic imaging).100 Despite the fact that these
methods are not currently used in human medicine,95 no doubt
their versatility will be of great help in the near future.

Small animal imaging by CT-Scan, MRI, or PET-Scan. More
recent techniques have tremendously improved tumor monitor-
ing although these methods are not always easy to perform and are

sometimes quite expensive. Imaging techniques provided by CT-
scan (CT), X-ray, magnetic resonance imagery (MRI), or positron
emission tomography (PET-scan) have allowed real-time moni-
toring, and thus, early diagnosis and longitudinal follow-up of
external as well as internal tumors (Fig. 1). X-ray CT has been
long used in human patients but its application in rodents is
more recent.101 This method is powerful for imaging soft-tissue
and bone structures and has a high resolution (20 mm). Given
that breast cancer preferentially metastasizes to bone and lungs,
X-ray CT is very useful for the detection of these types of
metastases. This method has a relatively short acquisition time
(, 15 min) and is relatively cheap. MRI is another useful
technique as it provides a high spatial resolution and can be very
valuable for detecting internal tumors and measuring morpho-
logic parameters.102 However, its use is limited by its cost and a
longer acquisition time compared with CT-scans.

Positron emission tomography (PET) is a more functional
technique and requires the use of radioactive isotopes such as
18FDG labeled with an isotopic fluoride.103 PET offers valuable
physiological/functional information such as glucose consump-
tion, blood flow, and perfusion. The data obtained with PET-
imaging can be merged with those obtained with CT-scan or
MRI. The images obtained with merged data are tightly correlated
with tumor progression and allow its proliferative profile to be
monitored. Imaging is usually performed using PET cameras but

Figure 1. PET-imaging and CT-scan leading to fusion images and
allowing early detection of metastasis. A rat grafted with an
osteosarcoma (no image from a metastatic breast cancer was available)
in the left leg was explored by a by regular CT-Scan (A, D) by a PET-Scan
technique (C, F). The images (B, E) were obtained by superposition of A
and B, and D and F, respectively. A 3 mm metastasis (arrow) is detected
in the lung both by CT-Scan and PET-imaging. Modern imaging
techniques allow the early detection of metastasis, the measurement of
metabolic activity of the primary cancer and of metastases, and the
fusion of images obtained with different modalities. They allow the
staging according to RECIST criteria.104
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may also be performed with a dualhead coincidence gamma
camera (DHC). DHC represents an interesting alternative to
PET imaging for rat experiments. This equipment is cheaper and
gives informative results, at the cost of a slight loss of sensitivity
compared with ring PET camera. In addition, DHC studies do
not require dedicated equipment for rats.104

All of these modern imaging techniques will probably gain
even more attention in the future as they give the possibility of
assessing internal tumor progression, metabolic activity, and
metastases in a non-invasive manner during the animal’s life.
Furthermore, they provide the opportunity to assess tumor
response according to the human criteria as proposed below.

Evaluation of tumor response to treatment: toward animal
RECIST criteria. In animal models, monitoring response to
treatment relies upon the quantification of tumor size variation.
In human patients, a decrease in tumor(s) size and increase of life
span [disease-free survival (DFS) and progression free survival
(PFS)] have been widely adopted as standard end-points to assess
the efficacy of anticancer drugs. In addition to these prospective
endpoints, the World Health Organization (WHO), the National
Cancer Institute (NCI) (USA), and the European Organization
for Research and Treatment of Cancer (EORTC) added a new
set of human tumor response criteria in 2000: the Response
Evaluation Criteria in Solid Tumors (RECIST).105 The RECIST
criteria stage a tumor response into four categories (Table 2).
Complete response (CR) is defined by the disappearance of all
cancer lesions. Partial response (PR) is defined by at least 30%
reduction of the longest diameter of target lesions, which cor-
responds to a 70% reduction of tumor volume of a spherical
tumor.106 These two categories require a confirmation 4 weeks
later. Progressive disease (PR) is defined by increase of the
longest diameter by at least 20%. If neither PR nor PD criteria
are met an intermediate state called stable disease (SD) is given.
Often, CR and PR are combined as the responder group
whereas SD and PD are combined to form the non-responder
group. As we can see, these criteria developed for humans are
very stringent. Unfortunately, they are not frequently used to
assess animal models. In many preclinical studies of new anti-
cancer treatments in animal models, a statistically significant
decrease of tumor growth rate is often considered as a fair res-
ponse to treatment. However, this would not be the case if the
human RECIST criteria were used.

We believe that these stringent RECIST criteria should be used
in animal models to reduce the risk of false-positive preclinical
studies. These criteria can obviously only be used if real-time
imaging techniques are readily available.

Histological, transcriptomic and proteomic studies. Rigorous
criteria are required for animal models to predict the clinical
efficacy of anticancer drugs. The simplistic criteria often used
in rodent models do not match the challenging criteria of
clinical or pathological complete responses and this contributes
to the persisting debate on the relevance of rodent cancer models.
To date, the main evaluation tools employed by research
laboratories are tumor growth, histological studies (immuno-
staining), and protein gel blot analyses. In contrast, diagnosis
and monitoring in the clinic are supported by a combination of

clinical (imaging, blood analyses), histological and genomic data.27

Genomic and proteomic studies have been widely used over the
last decade to identify other specific signaling pathways in breast
cancer which could be responsible for metastasis,107 recurrence,108

or response to treatment.109 Microarray studies highlight the
importance of dissecting breast cancer into different subgroups
to individualize therapies. This is illustrated by the use of
Herceptin1 which is an effective therapy in breast cancer by
pre-selecting patients who might respond.110 These technologies
should be used to compare cancer models with human cancers
and to select those which are close to the human pathology.
Rodent and human mammary carcinomas may have comparable
epigenetic aberrations in their epigenome.111,112 Furthermore,
rat tumors may be classified on the basis of the identity of
the inducing agent. Therefore, analyses of human tumors may
be valuable in retrospectively determining the role of specific
carcinogens in the formation of human breast cancer.113 Although
expensive, transcriptomic and proteomic studies should be
used to evaluate the common targets in human tumors and
animal models to match molecular targets between the two
situations.

Discussion

Breast cancer is the most frequent malignancy in women. Despite
successful treatments of the primary tumor, relapse and sub-
sequent metastasis often occurs in several sites including bone,
lung, liver and brain.114,115 As clinical studies for breast cancer
have an increased ratio of failure,6,7 animal models of breast
cancer somehow lack clinical reliability and could probably be
improved.116-120

Considering the important aspects of an animal model that
need to be fulfilled for breast cancer drug development, no cur-
rent animal model is really appropriate. Most of the models
used today are too sensitive to drugs, do not metastasize, are
xenografts, are grown in immunodeficient mice at ectopic sites.
This may explain the poor efficacy of anticancer drugs.

An ideal model is probably unattainable, as it is likely
impossible to fully mimic the clinical situation using a different
species. Similarly, one animal model is unlikely to be represent-
ative of all breast cancers since human breast cancers are
heterogeneous. However, we believe that improved models
must: (1) use syngeneic and orthotopic graft of cell suspensions,
(2) use the rat species, (3) use several breast cancer cell lines

Table 2. Definition of the different types of response according to the
RECIST criteria used in humans, adapted from Padhani et al.106

Response type RECIST criteria

Complete response (CR) Disappearance of all target lesions confirmed
at 4 weeks

Partial response (PR) At least 30% reduction of the longest
diameter of the lesion

Stable disease (DS) Neither CR nor PD criteria are met

Progressive disease (PD) At least 20% increase of the longest diameter
of a target lesion
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mimicking the different types of cancers described in humans,
(4) be hormonosensitive but soon become resistant to hormone
treatment, (5) have a clear tendency to metastasize to the bones
(6) become resistant to most anticancer drugs such as taxanes or
anthracyclins, (7) measure tumor growth with PET scan and/or
MRI, whereas bone metastases should be diagnosed by X-ray CT
scan, and (8) be classified according to RECIST criteria.

Alternatives to rodent models should be discussed. Rodents
are commonly used for practical reasons although they differ
from humans in various physiological and metabolic areas. The
maximal tolerated dose (MTD) for numerous anticancer drugs
is higher in rodents than in humans whereas the clinically effec-
tive dose is lower.121 The therapeutic drug ranges for rodents are
therefore not applicable to humans. Although algorithms exist to
extrapolate doses obtained in rodents to humans, the replacement
of rodents by a species closer to humans, such as pigs or dogs,

could produce more relevant preclinical results, albeit at a much
higher cost. Paolini et al. reviewed the recent progresses in this
field.122 Naturally occurring tumors in pets have several clinical
and biological similarities to human cancers. In fact, pets are
exposed to similar carcinogens as humans.123 However, the use of
pet dogs with cancer in the development of human cancer
treatments has been sparsely used over the past 30 y124 as these
tumors are difficult to obtain and standardize.

A clear endeavor of the scientific community to generate
better animal models will be invaluable for the entire field. We
believe that the changes proposed here for breast cancer models
will decrease the number of false positive results and improve
the approval rate of new investigational molecules in oncology.
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