
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Mouse models for breast cancer induced by radiation 
 

ABSTRACT 
Radiation therapy is a key weapon in the modern 
arsenal of cancer treatment. However, this effective 
treatment comes with risks of its own, and the sheer 
number of patients that undergo radiation as a part 
of their therapy regimen is only increasing. As this 
number increases, so does the incidence of secondary, 
radiation-induced neoplasias, creating a need for 
therapeutic agents targeted specifically towards 
reduction in the incidence of and treatment of 
these cancers. Development and efficacy testing 
of these agents requires not only extensive in vitro 
testing, but also a set of reliable animal models 
to accurately recreate the complex situations of 
radiation-induced carcinogenesis. The laboratory 
mouse Mus musculus remains the most relevant 
animal model in cancer research due to the molecular 
and physiological similarities it shares with man, 
its small size and high rate of breeding in captivity, 
and its fully sequenced genome. In this work, we 
review relevant M. musculus inbred and F1 hybrid 
animal models, as well as methods of induction of 
radiation-induced breast cancers. Associated molecular 
pathologies are also included. 
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1. INTRODUCTION 
As the population of the United States ages, cancer 
diagnosis rates continue to rise. At the same time, 
 

post-therapy survival rates are increasing due to 
advances in medical technology. Current predictions 
suggest that roughly half of all U.S. citizens will 
now be diagnosed with cancer at some point in 
their lifetimes, and of these a further half will 
receive radiation therapy as part of their treatment 
regimen [1, 2]. Radiation can be administered as 
the sole avenue of palliative care, or more commonly 
in combination with other treatments such as 
chemotherapeutic drugs, molecular targeted therapy, 
or immunotherapy. Radiation therapy is also routinely 
used to initiate immune suppression for bone 
marrow, stem cell and organ transplantation [3]. The 
power and utility of radiation as a therapeutic tool, 
however, brings with it the cost of unavoidable 
exposure of surrounding healthy tissue to its 
damaging effects. This collateral damage can 
result in a variety of acute toxicities or chronic 
secondary malignancies, and specifically radiation- 
induced cancer [4, 5]. 
Rapid technological advances in radiation oncology 
have provided a greater degree of targeted radiation 
delivery to tumor sites, reducing unnecessary 
exposure of healthy surrounding tissues. This more 
accurate delivery of radiation has the benefit of 
increasing maximum tolerated doses and increasing 
the therapeutic ratio [6, 7]. Unfortunately, the very 
nature of tumor growth and complex tumor/healthy 
tissue interaction makes it infeasible to completely 
avoid all collateral exposure, and therefore all 
potential subsequent malignancy. This fact calls 
for the development of alternative biological therapies 
to supplement technological solutions, in order to 
reduce secondary toxicity and malignancy risks to 
the absolute minimum. 
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aspects of the multifaceted disease that is cancer. 
The modern researcher’s arsenal contains murine 
models that range from specific carcinogen-inducible 
tumors, to xenograft models fully compatible with 
human neoplastic cells, to humanized mice expressing 
human genes. Genetically engineered mice (GEM) 
have now been imbued with the ability to accurately 
recapitulate the pathophysiological and underlining 
molecular features of many human cancers [12]. 
As a result, GEM have replaced many of the 
genetically homogenous inbred mice once used in 
environmentally induced cancer studies. With respect 
to their genetically engineered relatives, older models 
often developed tumors at low frequencies and 
with variable latencies. However, GEM specific 
to a particular question of carcinogenesis are often 
still difficult to come by, overly expensive, or 
have not yet been described to an adequate extent. 
In addition, as GEM are characteristically designed 
to follow an exact carcinogenesis progression path, 
their use precludes the study of alternative mechanisms. 
For these reasons, inbred strains remain a cornerstone 
of in vivo cancer research. Despite their flaws, 
inbred mice have been indispensable parts of 
the discovery processes of oncogenes and tumor 
suppressors, as well as preclinical assessment of 
the toxic or therapeutic effects of countless agents, 
[13] discoveries critical to the development of GEM. 
In this review, we set out to identify inbred mouse 
models of radiation-induced (RI) cancers, intended 
for assessment of efficacy towards interventions 
aimed at protecting, mitigating or treating these 
malignancies. We have concentrated on models 
specific to breast cancers as this subtype has been 
identified as one of the most common secondary 
cancer, arising post radiation therapy [5].  

2.2. Inclusion criteria 
The scope of this review is limited to murine 
models of radiation-induced breast carcinogenesis. It 
is specifically focused on cancer induction following 
exposures to low-LET gamma- and X-ray radiations 
using both high total dose and high dose-rate. 
Carcinogenesis induced from high-LET radiation, 
genetically engineered mouse models, and xenograft 
models are outside of the scope of this work. 
For the most part, we have also excluded models 
requiring supplemental treatment in addition to 
radiation in order to induce carcinogenesis. Only 
inbred mice with cancer inducible by either a single 
 

Three potential classes of agents could be applied 
in order to modulate damage to normal tissue. The 
first class, radiation protectors, consists of agents 
given prior to radiation exposure. The second, 
radiation mitigators, would be given post-exposure 
(PE), but prior to the onset of symptoms; while the 
third, therapies, would be administered after the 
onset of symptoms [8]. Only one agent, amifostine 
[9], is currently approved by the Food and Drug 
Administration (FDA) for the protection of normal 
tissues during irradiation. Amifostine falls only under 
the first category, with intravenous administration 
generally occurring a few minutes prior to 
radiotherapy. The government and medical research 
community recognize that this single therapy is 
not sufficient. In order to meet this need, the 
National Cancer Institute (NCI), in collaboration 
with National Institute of Allergy and Infectious 
Diseases (NIAID) has proposed an algorithm to 
be used in the selection of agents for preclinical 
and clinical development aimed at decreasing the 
adverse effects of cancer therapy, including radiation 
[10]. The use of animal models to validate these 
agents is a key part of meeting the requirements of 
this algorithm. Therefore, a comprehensive description 
of animal models relevant to the adverse effects of 
radiotherapy of breast cancer is of great utility to 
researchers in the field of prospective treatment 
development. Williams and colleagues have already 
extensively covered the selection of animal models 
designed to mitigate and treat the more acute 
toxicities associated with radiation exposure [11]. 
The purpose of this work is to provide an updated 
review of select inbred mouse models that may be 
used in preclinical settings in order to test the efficacy 
of agents specifically intended to protect, mitigate 
or treat radiation-induced breast carcinogenesis. 
 
2. METHODS 

2.1. Research strategy  
As a mammalian species with a short maturation 
time, the laboratory mouse, Mus musculus, is one 
of the best models available for the study of 
carcinogenesis and its corresponding pathologies. 
Over time the laboratory mouse has undergone a 
significant evolution in its complexity. As researchers 
continue to delve into its genome and develop 
precise techniques to manipulate it, it has gained 
the ability to mimic progressively more precise 
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an absorbed radiotherapy dose of over 1 Gy to the 
contralateral breast is linked to a high risk of 
secondary de novo contralateral breast cancer (CBC) 
[17]. Reproductive history is also a factor in CBC 
risk. Women who did not have a child prior to their 
first diagnosis of cancer were more likely to develop 
CBC after radiotherapy than age-matched controls 
[18]. 
Ionizing radiation is a well-established etiological 
agent in both murine and human breast cancer [19-26]. 
Mammary cancer mouse models are invaluable to 
the study of chemotherapeutic interventions and 
modeling molecular pathologies, despite differences 
such as low hormonal dependence frequency of the 
tumor, and differences in precise site of carcinomas 
origination [20]. The BALB/c mouse is an extensively 
used model of mammary cancer, induced with either 
full body irradiation or the implantation of irradiated 
tissues into syngenic mice [27]. Table 1, summarizes 
the most commonly used BALB/c models.  

3.2. BALB/c whole-body exposure model 
Original studies in the BALB/c female whole-body 
irradiation model have shown an increase in mammary 
carcinogenesis, from a background frequency of 
around 8% to about 22% within the mouse’s 
lifetime. The mammary adenocarcinoma induction 
method consists of irradiating 12 week old females 
with a total dose of 2.0 Gy, at the relatively high 
dose-rate ~0.35 Gy/min; irradiation with the same 
total dose at a much smaller dose-rate of 0.083 
Gy/day resulted in roughly half the tumorigenesis 
 

total body irradiation (TBI) or fractionated targeted 
exposures are described. In order to maximize 
clinical relevance, we have chosen to focus only 
on murine models that tightly mimic the underlying 
molecular pathologies of each type of cancer as 
observed in humans.  
 
3. RESULTS AND DISCUSSION 

3.1. Radiation-induced breast cancer 
Japanese female survivors of the atomic bomb 
attacks, females subjected to diagnostic fluoroscopes 
in Massachusetts tuberculosis sanatoria, and women 
treated for postpartum mastitis in New York 
form three core groups providing compelling 
epidemiological data linking radiation exposure 
and breast cancer [5]. Data from the Japanese 
atomic bomb cohort in particular, demonstrates that 
breast carcinoma (BC) risk increases by a greater 
extent than all other solid tumor risks upon exposure 
to IR [4]. In the Massachusetts study, females 
exposed to over a hundred separate instances of 
diagnostic X-rays were shown to be 80% more 
likely to develop breast tumors [14]. Newer reports 
continue to emerge implicating radiation therapy 
as a causative agent in secondary breast cancers, 
and demonstrate dependency on age of exposure. 
Up to 35% of women treated for Hodgkin’s disease 
with radiation therapy at an early age developed 
breast cancer by the age of forty. The studies of 
Bhatia and Sankila give an approximate IR-induced 
BC latency period of 10 years following radiation 
[15, 16]. Stovall and colleagues have reported that 
 

Table 1. Induction of breast cancer in mice with low-LET ionizing radiation. 

Malignancy Mouse 
strain 

Age Sex Dosage Fractionation Latency Spontaneous 
frequency 

Induced 
frequency 

Ref.

Breast 
cancer 

BALB/c 12 
weeks 

Female 2.0 Gy 
TBI 

Single ~24 
months 

8% 22% [26] 

Breast 
cancer 

BALB/c 
orthograft 

12 
weeks 

Female 1.0 Gy 
TBI of 
donor 
cells 

Single 10 
weeks 

< 1% Dysplasia       
~75% 
Tumors          
~25% 
(dependent 
upon donor 
cell passage) 

[28] 

Breast 
cancer 

BALB/c 
chimera 

12 
weeks 

Female 4.0 Gy 
TBI of 
host 

Single 6 weeks ~19% ~81% [29] 
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hyperplastic end buds. These abnormal architectures 
are assigned an arbitrary classification between I and 
III, with Class III designated as the most severe 
[36, 41, 42].  
In another series of elegant experiments, Ullrich 
and colleagues demonstrated that cells harvested 
from an irradiated donor, passaged in vitro, and finally 
transplanted into unirradiated recipient mice develop 
into either dysplasia or adenocarcinomas. The result 
depended upon time of harvesting and number of 
passages in culture prior to implantation. Cells 
harvested 52 weeks post-IR and injected into recipient 
host tended to regenerate dysplastic outgrowths at 
a high rate (3 in 4) and develop into tumors (1 in 4). 
Cells harvested at 1-16 weeks developed into normal 
outgrowths unless they underwent extensive in vitro 
passaging. The dysplasia and tumors observed 
resembled in situ tumorigenesis, with leukocyte 
infiltrations and angiogenesis [28]. 
Barcellos-Hoff and Ravani established a chimeric 
radiation model of their own [43] in which the fat 
pads of a BALB/c mouse host are cleared at 3 weeks 
of age, with the same mice whole body irradiated 
with 4.0 Gy at 10-12 weeks of age. Three days later 
these hosts receive a transplant of immortalized 
but non-malignant COMMA-D mouse epithelial 
cells derived from midpregnant BALB/c females 
[44] 6 weeks post-IR the cells injected into irradiated 
host had 81% tumor penetrance, compared to only 
19% of cells injected into an unirradiated host. 
This syngenic model demonstrates that radiation 
causes changes in the stromal microenvironment 
which contribute to carcinogenicity. A tissue, rather 
than cell suspension-based alternative model can 
achieve a similar result, with a 1 mm3 formed duct 
epithelial fragment acquired from a wildtype 
donor or a donor primed for neoplastic development 
transplanted into the irradiated host whose mammary 
fat pads have been cleared [29].  

3.4. Breast cancer-associated molecular 
pathologies 
Cell lines derived from female BALB/c mice and 
harvested at 4 weeks (EF42) or 16 weeks (EF137) 
after 1 Gy whole body irradiation have been used 
for some time to examine molecular pathologies 
leading to tumorigenesis in vitro or transplanted 
into recipient mice for in vivo studies. Cell culture 
studies point to a number of familiar players in the 

frequency, only ~13% [26]. The high dose rate 
seems to be key; even a dose of 0.25 Gy at 0.35 
Gy/min induces mammary tumors in about 20% 
of mice [30]. Irradiation increases the incidence of 
breast adenocarcinomas, but does not seem to affect 
latency relative to spontaneously arising tumors. 
Hyperplastic lesions in the ductal dysplasia are 
detected 12-14 months after IR exposure, prior to 
appearance of the tumor proper [28]. Radiation-
induced breast adenocarcinoma sensitivity in the 
BALB/c female has been attributed to polymorphisms 
of Prkdc, a DNA-dependent protein kinase, involved 
in DNA repair and post-IR cell signaling [31]. 
An unfortunate possible downside of this model, 
however, is its high rate of concurrent ovarian 
tumor development, detected in over 90% of 
autopsied mice [26].   

3.3. BALB/c syngenic transplant model 
In 1959, a great advance was made in the field of 
breast cancer biology when DeOme and colleagues 
introduced a murine orthograft breast cancer model. 
The model consists of clearing the mammary fat pad 
from a 3-week-old female virgin mouse, followed by 
a transplant of a 1 mm duct fragment from a donor 
mouse with hyperplastic lesions [32, 33]. Ethier and 
Ullrich successfully adopted this model from the 
original strain into BALB/c mice, using it extensively 
to demonstrate differences in sensitivity between 
strains and associated molecular mechanisms [31, 
34-36]. Additionally, Dr. Barcellos-Hoff and colleagues 
employed this model, further revolutionizing the 
cancer research field by demonstrating the importance 
of tissue microenvironment in the breast carcinogenesis 
process [37-40].  
Ethier and Ullrich also employed the ‘cell dissociation 
assay’, an in vitro/in vivo model in which 12 week 
old virgin donor BALB/c females are whole 
body irradiated with a total dose of 1.0 Gy, with 
mammary tissues removed at 24 hours, post-exposure. 
A single-cell suspension of 104 cells from these 
donor animals is then injected into 3-week-old virgin 
BALB/c females with cleared mammary fat pads. 
10 weeks after the procedure, recipient mice are 
sacrificed and the outgrowths removed and analyzed 
for ductal architecture pathologies. Normal outgrowths 
contain 2 to 3 terminal ducts, are capped by end buds 
in the fat pad, and resemble anatomically correct 
ducts. Abnormal outgrowths, on the other hand, have 
up to 10 or more terminal ducts capped with 
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to the corresponding human cancer in onset, 
progression and underlying pathology. As a perfect 
model does not exist, researchers are inevitably 
forced to compromise on some of these features. 
It is generally more feasible to compromise on 
features such as cancer latency and induction 
frequency, as these can be compensated for by 
study design and sheer subject volume. However, 
one cannot compromise on the accurate emulation 
of molecular and pathophysiological features of 
human radiation-induced malignancies, as these 
are the features that make a model relevant in the 
first place. More advances must be made towards 
the development of more accurate recapitulations 
of human radiation-induced cancers. Radiation-
induced secondary cancers can still be difficult to 
discern from primary tumors in humans due to 
unresolved questions about their respective molecular 
signatures. Identifying and investigating these 
signatures in mouse tumors following IR is a 
difficult challenge with great potential rewards.  
The mouse models presented are often a compromise 
on the background frequencies and rates of induction, 
but all demonstrate strong molecular and phenotypic 
correlations to salient features of the human cancers 
they are meant to represent. These models provide 
a powerful tool for testing the therapeutic benefit 
of candidate drugs against radiation-induced breast 
carcinogenesis.  
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