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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 lung 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*
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therapy survival rates are increasing due to advances in medical technology. Current predictions suggest that
roughly half of all US 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]. 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. The power and utility of radiation as a therapeutic tool, however, comes at a cost. The exposure of healthy tissue to radiation as collateral damage from radiotherapy can result in a variety of acute toxicities or chronic secondary malignancies, and specifically radiation-induced cancer [2].
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 [3] [4].
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.
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 [5]. Only one agent, amifostine [6], is currently approved by the Food
and Drug Administration (FDA) to protect 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 [7]. 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 the animal models relevant to the adverse affects of radiotherapy 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 [8]. The purpose of this work is to provide an updated review of select inbred mouse
models for radiation induced lung cancer, that may be used in preclinical settings in order to test the efficacy of
agents specifically intended to protect, mitigate or treat radiation-induced 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
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 [9]. 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, the use of inbred
strains remains a cornerstone of in vivo cancer research. Despite their flaws, inbred mice have been indispensible in the discoveries of oncogenes and tumor suppressors, as well as preclinical assessment of the toxic or therapeutic effects of countless agents [10], discoveries critical to the development and validation of GEM.
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In this review, we set out to identify inbred mouse models of radiation-induced (RI) lung cancers, intended for
assessment of efficacy towards interventions aimed at protecting, mitigating or treating these malignancies. We
have concentrated on models specific to lung, cancer as this subtype has been identified as the most common
secondary cancer arising post radiation therapy [2].

2.2. Inclusion Criteria
The scope of this review is limited to murine models of radiation-induced lung carcinogenesis. It is specifically
focused on those cancers designed to induce 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 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 Lung Cancer
Lung carcinoma is the deadliest cancer in industrialized nations, responsible for over a quarter of all cancer
deaths. The majority of lung cancer cases can be attributed to smoking [11]. At the same time, lung carcinomas
were one of the first radiation-associated cancers to be identified, due to their high rate of mortality [12]. Three
groups have been historically responsible for the majority of data on the contribution of radiation exposure to
lung carcinogenesis. These groups are 1) underground miners, exposed to internal alpha radiation via radon-222
and radon-220 inhalation; 2) Patients who have undergone radiotherapy patients to treat neoplastic and nonneoplastic malignancies, and 3) Japanese atomic bomb survivors [13]-[15]. The latency period for gamma and
X-ray exposed individuals seems to be a minimum of 9 - 10 years, with an increased risk persisting in survivors
for over 25 years. After correcting for the confounding factor of smoking rates, females are considerably more
susceptible to radiation-induced lung cancer than males. Judging from Japanese survivor data, adenocarcinoma
appears to be the most common type of lung cancer in an exposed population. No correlation exists between age
of exposure and development of malignancy [14] [16] [17]. Travis and colleagues have reported that Hodgkin’s
disease patients treated with radiation doses of 40 Gy or more exhibit a significant increase in all histopathological types of lung cancer, after controlling for smoking. Incidence of these secondary lung cancers in IR-treated
Hodgkin’s Disease patients peaks at 5 - 9 years following radiation therapy [18]-[20]. Evidence of a lung cancer-IR link is further supported by studies reporting increased rates of lung cancer in IR-treated breast cancer
survivors [21] [22].
The consequences of radiation exposure, shared by both mice and humans, include pulmonary fibrosis and
carcinogenesis. Whether an exposure to radiation will result in primarily pulmonary fibrosis or increased cancer
risk appears to be a function of dose, with a much smaller dose required for initiation of carcinogenesis [23]. A
report authored by Williams et al. provides an extensive guide for the selection of radiation induced fibrosis
animals models, as well as models of other radiation-induced malignancies [8]. Table 1 below summarizes three
models of radiation-induced lung cancer, generated employing whole body irradiations and targeted thoracic
exposures in C3H, BALB/c and RF mice.
Table 1. Induction of lung cancer in mice with low-LET ionizing radiation.
Mouse Strain

Age

Sex

Dosage

Fractionation

C3H (C3H/HeSlc)

6 weeks

M

7.5 Gy,
thorax

RFM (RFM/Un)

10-12 weeks

F

9 Gy,
thorax

single

BALB/c (BALB/c/An)

12 weeks

F

2 Gy TBI

single

Spontaneous
Frequency

Induced
Frequency

Ref.

3.5% - 9.5%

40%

[25]
[27]

9 months

~28%

87%

[29]
[30]

12 months

~12%

~37%

[31]
[42]

Latency

2 doses, 12-hour interval 12 months

40
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3.2. C3H Mouse

C3H/He mice are moderately sensitive to the induction of lung cancers via IR, and develop spontaneous lung
tumors at a low frequency [24]. A regimen consisting of a single 7.5 Gy irradiation to the thorax followed by
three 3 Gy whole body irradiations at 3-month intervals afterward yields the highest induction frequency at 62%.
However, this protracted irradiation program is of potentially little relevance to human exposure scenarios. A
scheme of two 7.5 Gy thoracic irradiations with a 12-hour interval is far more clinically relevant, and yields
roughly 40% induction in males exposed at 6 weeks of age. These mice tend to develop alveologenic adenomas
and adenocarcinomas after a latency period of 12 months. Tubular- or papillary-form tumors are only rarely observed [25]. In a series of dose response studies utilizing a single whole body dose of irradiation, Hashimoto and
colleagues showed that tumor incidence increased with dose to a peak at 5.0 Gy, but decreased at 10 Gy. This
demonstrates the previously discussed competitive dynamics between opposing cancer inductive and suppressive effects of radiation [26].
Other factors play a role in tumor induction, including those as ostensibly disparate as circadian rhythm. An
irradiation at night is a far more potent inducer of RI-LT in C3H mice than an equivalent daytime dose. A full 5
Gy of irradiation during the day is required to match the tumor induction frequency seen with just 1.25 Gy at
night [25]. Diurnal variations have been reported in human cancer therapy response as well [27]. The C3H
mouse appears to be the optimal choice IR-LC studies with its low spontaneous and moderate induction frequencies. Coggle and colleagues suggest that induction with thoracic irradiations be the preferred method for
this strain [23] due to clinical relevance and reduced induction of other tumors in the animal, that could contribute to lethality or obfuscate a lung cancer centered investigation.

3.3. RF Mouse
Lung adenoma is inducible in both male and female RFM/Un mice when they are exposed to IR at 10 - 12
weeks old [28] [29]. Following a single 9.0 Gy thoracic irradiation roughly 87% of females develop lung cancer
within 6 - 9 months, with an average of 1.8 tumors per mouse. Males are slightly more resilient, requiring a dose
of 10.0 Gy to develop the same malignancy roughly 54% of the time within 11 months, with a tumor multiplicity of 0.8 tumors per mouse. Both genders of this strain exhibit a relatively high incidence of spontaneous carcinogenesis, developing in 28% of females and 32% of males [28] [29].

3.4. BALB/C Mouse
A single 2.0 Gy whole body irradiation at a high dose rate (0.35 Gy/min) administered to a 12-week-old female
BALB/c/An mouse results in a 37% induction rate of lung adenocarcinoma. It takes roughly a year before the
cancer becomes apparent. The spontaneous rate of these mice developing this cancer is between 11% - 14% [30].
Fractionation of the 2.0 Gy dose at a low rate of exposure dose does not increase lung cancer incidence relative
to the single irradiation [31].

3.5. Lung Cancer-Associated Molecular Pathologies
The effects of dose, dose-rate, fractionation and radiation quality on murine lung carcinogenesis have been studied extensively for some time. However, the mechanisms of lung cancer induction are notoriously difficult to
discern in animal models. The underlying molecular and pathophysiological mechanisms largely remained elusive until the emergence of genetically engineered mouse models. Furthermore, these molecular mechanisms
have yet to be definitively correlated to the observed pathologies in inbred strains [12] [26] [28] [29] [31] [32].
Some data have been retroactively extrapolated from massive radiation studies involving 40,000 B6CF1 hybrid
mice (C57BL/6 females × BALB/c male) at Argonne National Laboratory from 1971-1986 [33] [34]. Genetic
material was extracted for PCR-amplification from the paraffin-preserved lung tissues of animals with adenocarcinomas and controls. A significant percentage of the samples derived from radiation-induced or spontaneous
lung adenocarcinomas show deletions of the tumor suppressor Rb. There were no statistically significant differences in Rb deletion frequency observed between adenocarcinomas from animals thatreceived 60 weekly doses
of 0.1 Gy, spontaneously developed adenocarcinomas, and those from animals exposed to single-doses of 5.69
Gy. Zhang and Woloschack reported that 97% of samples containing Rb deletions also carried p53 deletions,
and concluded that the mutation of p53 was likely a predominant step in radiation-induced lung carcinogenesis
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in B6CF1 mice [34]. An additional study on the same preserved tissues also uncovered a high rate of point mutations in the K-ras gene in both spontaneously derived cancers and neoplastic samples resulting from 24 or 60
once-weekly irradiations [35].
Murine lung cancers share multiple salient features with human lung tumors, with alterations in p53, K-ras,
and Rb commonly observed in both [36]-[38]. The p53 tumor suppressor, popularly dubbed the “guardian of the
genome” is inactivated by either deletion or mutation in 80% of primary lung tumors [39]-[42]. Its loss is associated with poor clinical outcome [38]. The retinoblastoma protein (Rb) is another tumor suppressor either directly or indirectly inactivated in a wide variety of tumors, including 90% of human small cell carcinomas [43]
[44]. K-ras, the proto-oncogene involved in cell differentiation, growth, and apoptosis [32], is also widely modified in cancers. 20% - 30% of human lung adenocarcinomas possess a mutation in the KRAS gene [45]. Activated K-ras is also associated with a poor clinical prognosis [46].
The use of inbred models is particularly valuable for the testing of therapeutic agents directed against secondary cancers, including those induced or promoted by radiation therapy. Mice genetically engineered to mimic
human cancers, such as mice with K-ras knockout of lung adenocarcinoma [9], are useful and sophisticated
models, but are self-limiting and biased by their purposefully designed natures. As these models are predisposed
to develop only one type of malignancy along a designated progression route, they do not permit the study of alternative mechanisms of carcinogenesis. If radiation-induced lung carcinogenesis does not precisely follow the
pre-programmed initiation and progression pathways, then the studies using GEM are not of general use, and
therapies based on these models will not necessarily be effective in a human. Inbred mice, however, present an
unbiased approach to discovery studies.

4. Conclusions
The ideal radiation-induced carcinogenesis mouse model possesses a low spontaneous background frequency of
the desired malignancy, has a short latency period, avoids co-developing cancers at alternative sites, and produces tumors nearly identical 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 carcinogenesis.
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