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Abstract

Potential ionising radiation exposure scenarios are varied, but all bring risks beyond the simple
issues of short-term survival. Whether accidentally exposed to a single, whole-body dose in an
act of terrorism or purposefully exposed to fractionated doses as part of a therapeutic regimen,
radiation exposure carries the consequence of elevated cancer risk. The long-term impact of both
intentional and unintentional exposure could potentially be mitigated by treatments specifically
developed to limit the mutations and precancerous replication that ensue in the wake of irradiation
The development of such agents would undoubtedly require a substantial degree of in vitro testing,
but in order to accurately recapitulate the complex process of radiation-induced carcinogenesis,
well-understood animal models are necessary. Inbred strains of the laboratory mouse, Mus
musculus, present the most logical choice due to the high number of molecular and physiological
similarities they share with humans. Their small size, high rate of breeding and fully sequenced
genome further increase its value for use in cancer research. This chapter will review relevant
m. musculus inbred and F, hybrid animals of radiation-induced myeloid leukemia, thymic
lymphoma, breast and lung cancers. Method of cancer induction and associated molecular

pathologies will also be described for each model.

Introduction

Cancer is, at its core, a disease of time—the accumulation of the spe-
cific cocktail of mutations necessary to yield a population of cancer-
ous cells usually takes many years. As the United States population
ages, cancer rates increase and will only continue to increase for
the forseeable future. The medical technology, drug regimens and
techniques we use to treat cancer cases also continue to improve,
leading to long-term survival of cancer patients at unprecedented
rates. According to present models, 50% of US citizens will receive a
cancer diagnosis in their lifetimes, and half of these will receive radi-
ation therapy as a part of their course of treatment—a rate hardly
unique among developed nations (1,2). Radiotherapy is sometimes
used as the sole avenue of cancer therapy, but it is more commonly
received in combination with as chemotherapeutic drugs, molecular
targeted therapy or immunotherapy. The use of radiation therapy
is not confined to the treatment of cancers, either: it is also rou-
tinely used for immunosuppression in the cases of bone marrow,

stem cell and organ transplantation (3). The unparalleled ability of
radiation to kill cancer cells, however, does not come without cost.
It is impossible to completely prevent collateral damage to healthy
tissues when irradiating a tumor site. This damage can result in
acute radiation toxicity, but more insidiously can increase the risk
of chronic secondary malignancies down the line, specifically radi-
ation-induced cancer (4,5). Even the diagnostic use of radiation in
medicine comes with a collateral cost. Indeed, epidemiology from
fluoroscope-induced breast cancer rates contributed much to our
knowledge of radiation-induced breast cancers (6). Despite much
lower exposure times and dose-rates when compared with treat-
ment-seeking radiation therapy, the use of diagnostic techniques
such as CT scans and PET tracers also take their toll in terms of
DNA damage (7,8).

Unnecessary exposure of healthy surrounding tissues continues
to be reduced by advances in radiation delivery technology. This
more targeted delivery leads to more effective tumor killing as well,
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increasing the therapeutic ratio (9-12). Even so, the complexities of
tumor growth and interactions between cancer and the body within
the tumor microenvironment will always lead to some collateral
exposure. The development of alternate cotherapies is therefore an
imperative to reduce the risk of both secondary tumors and acute
toxicities resulting from radiation therapy.

Potential interventions against the side effects of purposeful
radiation exposure would not have their value limited to that sole
avenue of application, either; a treatment with demonstrated effects
against both primary and secondary radiation-induced malignan-
cies in the clinical setting would prove invaluable in far uglier, less
intentional scenarios as well. The risk of a terrorist attack utilis-
ing the release of radiation or radioactive material is considered
to be a very real threat by the United States government (13), and
the meltdown of the Fukushima Daiichi reactor in 2011 radiation
release incident demonstrates that unintentional, massive amounts
of radiation exposure are possible as well. Organisations like the
National Cancer Institute (NCI) have recognised the gap in our
medical capability to respond to radiation emergencies, and identi-
fied research priorities (14). Obviously, interventions that prevent
immediate death from acute radiation injury take precedence, but
the need for treatment plans that lessen the risk of eventual com-
plications in survivors, like cancer, has also been recognised (15).

When discussing the potential types of compounds that could be
administered to reduce radiation damage, whether to prevent dam-
age to the healthy tissue surrounding the tumor site, or to reduce
sustained genotoxicity after accidental exposure to radiation, it is
helpful to divide them into three classes. A first class of radiation
protectors would consist of agents applied prior to radiation expo-
sure. An ideal radioprotector would offer differential protection
to healthy tissue over tumor, and allow for higher, more effective
tumor-killing doses—perhaps by taking advantage in differences
of DNA repair function (16) Radiation mitigators, a second class,
would maintain efficacy when applied post-exposure (PE), but
prior to the onset of symptoms. Agents such as these could focus
on treating organ failure-level effects, such as radiation-induced
neuropathy (17) or nephropathy (18), or might ideally prevent cell-
level damage after the insult. The third class, therapies, would be
administered after the onset of symptoms, and likely focus on treat-
ing these symptoms rather than their causes (19). Currently, only
a single agent is approved by the Food and Drug Administration
(FDA) for the purpose of reducing radiation damage to healthy
tissue. This agent, amifostine (20), falls into the first category, as
intravenous administration is given a few minutes prior to radio-
therapy in clinical practice. The medical research community rec-
ognises that a single, limited treatment is not sufficient to meet
the needs of future radiation oncology—and comes up dreadfully
short in a disaster exposure scenario. The NCI, in collaboration
with National Institute of Allergy and Infectious Diseases (NIAID)
has developed an algorithm to appraise agents designed to reduce
the detrimental effects of cancer therapies, and prepare them for
clinical development (21). In order for a candidate agent to meet
these stringent standards, success in animal model is a manda-
tory prerequisite. Another workshop reached similar conclusions
with regards to accidental radiation exposure (14). This chapter
seeks to supply researchers developing these types of interventions
with a comprehensive description of animal models relevant to
the adverse effects of radiation, specifically the increased risk of
cancers. Models specialised for the investigation of the more acute
toxicities resulting from exposure to radiation have been covered
previously to great effect by Williams and Colleagues (22).

Methods

Research strategy

Over the course of the last century of biological research, the labora-
tory mouse Mus musculus has been our ever present companion, a
cornerstone of in vivo research and the go-to model for any study
requiring the complex environment of a living mammalian body.
Thousands of strains are now available for research use, and ever
more specialised mice are constantly under development. The field of
cancer research is no exception. Modern mouse strains are often spe-
cialised in order to mimic exceptionally precise or specific aspects of
carcinogenesis or a corresponding pathology. Xenograft models or
humanised mice can be used directly with human neoplastic cells or
to express aberrant human proteins. Other engineered strains exist
which develop a certain type of cancer, developing along an exact,
planned path, after exposure to a specific carcinogen. Genetically
engineered mice, or GEM, represent the pinnacle of iz vivo modeling
of highly focused research into narrow portions of carcinogenetic
processes. They are often the most accurate way of recapitulating
the peculiarities or underlying molecular mechanisms of the human
disease (23). For this reason, GEM are often used in lieu of more
traditional inbred mouse strains. They often develop tumors more
quickly and at more predictable intervals.

However, the very same precision that characterises GEM as
superior tools for answering highly specific questions about a cancer
acts as a potential drawback when investigating alternative mecha-
nisms of cancer formation. GEM are usually developed to follow
an exact carcinogenesis pathway. While this can be helpful to many
research projects, one would not be able to draw many general con-
clusions when testing novel compounds or hypothetical alternative
mechanisms. The purview of GEM rests strongly in their powerful
ability to refine existing disease pathways or test highly targeted
interventions. In this way, inbred strains remain the best choice for
‘ground-level” investigations into the process of cancer development,
as well as agents that affect that process. The use of inbred mice was
indispensable for the initial discoveries of the oncogenes and tumor
suppressors that were later manipulated to derive dedicated strains
of GEM, as well as the toxic and therapeutic effects of countless
agents (24). The value of inbred strains is still apparent, especially
when it comes to investigating interventions that may act through
less well understood mechanisms, such as those against radiation-
induced cancer risk.

The same reasoning for why inbred mouse models remain supe-
rior to GEM for general cancer induction and progression studies
might also beg the question as to why outbred strains are not pre-
ferred. After all, outbred strains should show greater genetic het-
erogeneity than inbred strains, serving as a more accurate model
of the genetic diversity in a human population. This very hetero-
geneity, though, can become a liability when it comes to running a
carcinogenesis experiment. When examining any process with both
environmental and genetic components, such as cancer development
in response to radiation, minimising the genetic variance between
individuals is critical to the ability to determine experimental sig-
nificance with sufficient power. Greater variance between individual
outbred mice often means that significantly more mice are required
(25). The level of genetic heterogeneity in a given outbred stock can
vary greatly in terms of the number of polymorphic loci present (26).
Population bottlenecks in outbred stock can lead to genetic drift, an
issue made worse between varying levels of quality control between
suppliers (27). Indeed, the change in allele frequency of any out-
bred population over time can make it very difficult to make use of
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previously published information regarding that strain, even if the
mice are obtained from the same supplier. Each user must therefore
recharacterise the strain of interest prior to beginning an experiment
(25). Even if concerned about the potential for one strain’s genetic
resistance to a particular insult, it is generally more efficient to use
multiple strains of inbred mice than a single outbred strain (28).

The purpose of this review is to identify and describe inbred
mouse models of radiation-induced (RI) cancers, with a focus on
using them to investigate interventions against their development.
Central emphasis will be placed on myeloid leukemia, lung, and
breast cancers as most common subtypes of cancer to arise after
radiation therapy (5).

Inclusion criteria

Murine models discussed in this review are limited to those pertain-
ing to radiation-induced carcinogenesis of lymphomas, leukemias,
breast and lung cancers. In particular, focus will be placed on inbred
models in which cancer is induced following exposures to ‘Low
LET’ (linear energy transfer) gamma- and X-ray irradiations. These
models are most relevant to the dose rates healthy tissue is exposed
to during such radiotherapy procedures as the Gamma Knife (29).
‘High-LET” radiation inductions, GEM and xenograft models are
outside of the scope of this work. Most of the models described rely
solely on radiation for tumor induction, with a few special excep-
tions (SJL/] mice). Models described include total body irradiation
(TBI) and localised IR induction methods as well as fractionated and
single dose schemes. When comparing mouse induction to human
radiation treatment, mouse fractionation is often split to a far lesser
degree, largely due to issues of practicality. Despite this difference,
disease induction is often quite comparable in terms of relative
latency and pathology. Although we hope to draw general conclu-
sions that apply to both primary and secondary RI cancers, mouse
exposure scenarios are limited to primary radiation induction of
tumors due to experimental feasibility.

Another point should be clarified regarding the radiation induc-
tion of cancers. Cancer progression generally requires multiple suc-
cessive mutations in order to be officially recognised. Oftentimes,
‘initiating” mutations can lie dormant—on their own, they are insuf-
ficient to cause the cell to progress to metastatic disease. Only after
a subsequent ‘promoting’ insult is sustained will a traditional pro-
gression model become applicable. While some mutagens charac-
teristically act as one or the other, Ionising radiation is a ‘complete
carcinogen,” capable of both induction and promotion (30-32). In
many of these models, the radiation induction we discuss actually
functions as the inducer of a promoting mutation. In many cases,
oncogenes may already be active in both experimental animals and
humans from birth (33), and it is the factors that facilitate the expan-
sion of these cells that can be said to induce carcinogenesis (34).
Details on specific mechanisms of promotion can be found in the
molecular pathology sections below.

The ultimate goal of research using these models will be to
develop interventions for human disease. For this reason, the mod-
els chosen constitute those that most closely mimic the underlying
molecular pathologies of each type of cancer as observed in humans,
maximising clinical relevance.

Results and discussion

Radiation-induced myeloid leukemia
Leukemia was one of the first cancers to have its link with radiation
well documented. In the infancy of radiation research, the long-term

dangers posed by constant exposure were not well understood.
Radiation safety standards were quite lax by today’s standards, and
many cases of leukemia likely arose in early scientists and radiolo-
gists working with unshielded sources of ionising radiation (35).
This early link was, in fact, supported by experiments demonstrating
that ionising radiation could lead to leukemia in laboratory mice as
early as the 1930s (36). Unfortunately, it was decades before this
correlation between radiation exposure and leukemia mortality was
noted to be anything more than anecdotal. The first studies to truly
lend significant epidemiological evidence to these risks were the Life
Span Studies, following both Atomic Bomb survivors and therapeu-
tic radiation patients, treated for such diseases as cervical cancer,
tinea capitis and ankylosing spondylitis (37-42). A particularly
incisive study by Boice and colleagues established a sharp increase
in leukemia incidence following radiation treatment for the uterine
cervix carcinoma (43). Additional data emerged in the wake of the
Chernobyl disaster. Detailed records on the excess risk estimates for
the development of leukemia in populations analyzed by such factors
as age and estimated exposure level have come to light for analysis
in the last few decades. For example, clear associations were drawn
from people and cleanup workers exposed to higher doses of radia-
tion (44), while the link is more tenuous for populations exposed to
under ~0.5 mSv (45). Though the circumstances of the event were
tragic, information garnered in its aftermath has provided a far more
complete data set on age-dependence, doses and latencies (46-49).
These studies provide risk evidence from a wide range of expo-
sure scenarios, irradiation rates, sources and doses. By comparing
the data, scientists were able to identify salient features common to
all irradiation induced leukemias. The two most commonly observed
RI-induced cancers in an adult population are both myeloid leuke-
mias, of the acute (AML) or chronic (CML) subtypes (39,40,42,50-
52). The subtype of leukemia most commonly seen in children varies
by age of exposure. Younger children exposed around 5-9 years
of age more generally develop acute lymphocytic leukemia (ALL),
while children exposed after the age of 10 are more likely to develop
AML. A fourth type of leukemia risk, that of chronic lymphocytic
leukemia (CLL) does not seem to correlate with radiation exposure
in the same manner as the others, exhibiting only a weak link if any
(53,54). Leukemia after radiation exposure can arise relatively rap-
idly, with the highest risk observed in the decade immediately follow-
ing initial exposure. After this period, relative risk decreases, albeit
never returning to the baseline level of an unirradiated individual
(39,40,46,51,55). Relative risk for developing different subtypes of
leukemia has also been observed to vary by other factors, including
the sex of the patient (40,42,46,50). The relative risk of contracting
leukemia roughly doubled in one study following women receiving
radiation treatment for endometrial cancer, whether exposed to low,
constant dose rates or high, fractionated ones. This study estimated
about 14 excess cancers per 10 000 IR-treated individuals (56).
Epidemiological data is a valuable starting point for any study of
radiation-induced cancer, as it provides a background against which
any experimental data from models can be checked for relevance.
Interventions, however, demand the use of models for preliminary
testing. Clinical trials in patients undergoing radiation therapy can
provide primary human data, but only after extensive vetting as
part of FDA approval. Similarly, an experimental intervention in
humans could potentially be justified in the aftermath of a radiation
catastrophe, but even in such a case an intervention must at least be
partially understood before use. Murine models, therefore, are abso-
lutely essentially for the process of understanding the mechanisms of
induction of Rl-induced carcinogenesis, improving risk diagnostics
and especially furthering the development of radiation protection
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and mitigation efforts. Several well-characterised mouse models
of leukemia are available, including RF (57,58), SJL/] (59), CBA
(60,61) and C3H/He (62). The following table, adapted from our
previous review, summarises the optimal induction method, associ-
ated ML frequencies and other relevant features of each model (63)

(Table 1).

RF mouse

The RF mouse was developed at the Rockefeller Institute for use as a
general-purpose stock from the A, R and S strains (25,58). The strain
has a relatively high proclivity for IR-induced leukemogenesis, as
studied by Upton and colleagues (64). Some of the earliest accounts
of radiation-induced leukemia took place using this strain, from
observations in mice exposed to nuclear detonations in experiments
conducted by Furth and colleagues (65,66). Myelogenous leukemia
(ML) is induced in this strain with a single unfractionated dose of
ionising radiation. This method of induction is generally considered
to closely mimic human disease progression, exhibiting diagnosable
tissue lesions during a prolonged preclinical period (58).

A low background rate of leukemic development is present in
this strain. Between 18-24 months of age, roughly 2-4% of even
unirradiated RF mice develop myeloid leukemia (68). This lifetime
incidence rate is boosted up to 40% upon exposure of 8-week-old
RF males to 1.5 Gy of ionising radiation. Paradoxically, in utero
and neonatal irradiations actually decrease ML induction (57,64).
Higher doses of IR (4.25 Gy) increases disease penetrance fur-
ther to between 50 and 90% of animals, with a latency period of
4-6 months (58,68,69). Useful elements of disease progression can
be observed in this model as well. The accumulation of immature
myeloid cells in the spleen and liver of progressing animals can be
measured as early as 12 weeks post exposure. The infiltration of leu-
kemic cells can be observed in peribronchial areas, lymph nodes and
gastrointestinal lymphoid organs. One potential confounding draw-
back of this model is that thymic lymphoma is also induced in 25%
of mice irradiated at the dose necessary to induce myeloid leukemia,
which could interfere with accurate ML diagnosis and disease mod-
elling (58). Sex differences in susceptibility were also demonstrated
by Upton and colleagues. Thymic lymphoma is more common in
female mice, while males are more likely to develop ML. This gives
the possibility of mixed hematopoietic tumors of both myeloid leu-
kemic and thymic lymphoma origin presenting in the model, limiting
its utility (57).

Characteristic chromosomal rearrangements are visible in the
karyotypes of cells undergoing leukemic progression in this strain.
According to Hayata et al., ML in the RF model typically exhibits
partial deletion of chromosome 2 and total loss of the Y-chromosome
(although he regards this loss of Y as a mere artifact of cell prolifera-
tion rather than involved in leukemogenesis) (70), similarly to the
SJL/J mouse discussed next (71). One of the strengths of this model is
that the several month latency of ML in RF mice correlates well with
human data. As stated previously, the peak incidence of leukemia

diagnoses occurred 5-10 years post exposure in both Japanese
atomic bomb survivors and children exposed to the Chernobyl dis-
aster (40,46,50,72). Radiotherapy induced leukemia occurs on a
slightly shorter, but still similar, latency period of 2.5-7 years (73).

SJL/] mouse

The SJL/] strain was developed in 1960 by Murphy and colleagues.
It is known for the high spontaneous frequency of reticulum cell
neoplasms (type B, RCN B) occurring in one third of mice roughly
a year after birth in both sexes (74-76). This strain has also been
proposed as a model for the study of Hodgkin’s Lymphoma, as the
histological pattern of these RCNs presents quite similarly to that of
human Hodgkin’s disease (77).

One whole body 3-3.5 Gy exposure in 8-10-week-old female
SJL/] mice induces myeloid leukemia in 10-30% of animals.
Fractionated X-ray doses have been observes to induce lymphosar-
comas as well (77). Leukemic infiltration can be observed in the bone
marrow, lymph nodes, spleen and liver, consistent with observation
of human AML (59). The percentage of animals that develop radia-
tion-induced acute myeloid leukemia actually increases the later the
age to exposure, up until 12 weeks. This increase in susceptibility
is likely explained by the maturation of the mouse’s mononuclear
phagocytic system, which occurs at this time (76).

Radiation alone is sufficient to initiate RI-AML in this strain. In
order to better recapitulate all aspects of this complex, multiphase
malignancy, though, additional promoting factors are generally
administered (78). In the overwhelming majority of irradiated mice,
preleukemic cells exhibiting characteristic chromosome 2 deletions
can be observed in the bone marrow early on. Clinical presentation
of overt AML occurs at 90-120 days (79,80). As stated previously,
however, this only occurs in 10-30% of IR-treated mice. A follow-
up administration of corticosteroids increases RI-AML incidence to
50-70% (59). Further reduced latencies and increased frequencies
of ~75% can be reached by co-administration of growth factors
such as colony stimulating factor-1 (CSF-1) (78,81). The decision to
investigate this particular factor was based on the observation that,
2-4 months prior to onset, mice that would go on to develop AML
solely after radiation had significantly elevated CSF-1 levels as com-
pared to those that developed RCN-B or no cancer at all. RIEAML
cells in vitro can also be observed to synthesise significant amounts
of CSF-1, further supporting the hypothesis that high CSF-1 is cor-
related with leukemia progression (76).

The presentation of RI-AML in the SJL/J] mouse strongly resem-
bles that observed in humans (59). AML is diagnosed at relatively
high frequencies in patients with Hodgkin’s Disease in remission
after receiving radiotherapy and steroid regimens—mimicking the
combination induction in the mouse quite closely (82,83). This cor-
relation between a Hodgkin’s Disease/RCN B background state
and the induction of RI-AML afterwards makes SJL/J an extremely
valid RI-AML model for this particular set of circumstances. Both
this strain of mice and Hodgkin’s Disease patients tend to develop

Table 1. Induction of myeloid leukemia in mice with low-LET ionising radiation

Mouse strain Age Sex Dosage Fractionation  Latency Spontaneous  Induced Ref.
frequency frequency

RF (RF/J, RFM) 8 weeks Male 4.25 Gy Single dose 4-12 months 2-4% 50-90% (57,58)

SJL/] 8-10 weeks Female 3-3.5 Gy Single dose 12 months 0% 10-30% (59)

C3H/He 8-10 weeks Male 2.84 Gy Single dose 1.5-18 months <1% 25% (60,61)

CBA (CBA/Ca, CBA/Cne, CBA/H)  12-15 weeks  Male 3 Gy Single dose 18-24 months <1% 25% (62)
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myeloid leukemias of the acute rather than the chronic type (84).
Elevated serum CSF-1 has also been reported in some neoplastic
malignancies, including AML and appears to be associated with
poor prognosis (85-88).

C3H mouse

The C3H strain is one of biology’s oldest and most widely used,
developed by Strong in 1920 from a cross of the Bragg Albino mouse
and the DBA mouse. Dams in the strain were specifically selected
for elevated incidence of mammary tumors (MT). Ninety percent
of unfostered pups develop mammary tumors by 11 months of age.
This peculiarity of cancer incidence is due to the transfer of mouse
mammary tumor virus (MMTV) into the offspring via the mother’s
milk. Fostering newborn animals or transferring fertilised ova to a
surrogate free of MTV significantly reduces the tumor development
frequency (25). However, the fostered C3H/He substrain exhibits a
high incidence of spontaneous hepatomas later in life (62,89).

A total of 23.9% of 8-10-week-old male C3H/He mice develop
myeloid leukemia after a single whole body X-irradiation of 3 Gy.
Myelomonocytic leukemia is by far the most prevalent subtype.
Female mice are significantly less susceptible to induction (90). The
dose-response curves of C3H mice appear quite similar to those of
RFM and the CBA strains. Leukemic induction frequency increases
proportionally with level of radiation received until a critical dose
at around 3 Gy, after which the incidence of ML drops rapidly (60).
The administration of the synthetic glucocorticoid prednisolone fol-
lowing irradiation increases the incidence of ML to 38.5%, a sce-
nario similar to promotion with corticosteroids in SJL/J] mice (59).
Unirradiated C3H mice have a spontancous leukemia incidence
under 1%, and that rate can be entirely eliminating with caloric
restriction to 2/3 of a normal diet (62). Caloric restriction is even
effective at reducing the incidence of RI-ML down to 7.9% if restric-
tion is started prior to 6 weeks of age, or as low as 10.7% if CR
begins after irradiation, at 10 weeks of age (91). Caloric restriction’s
effectiveness likely involves the suppression of pro-growth signaling
via insulin pathway modulation (92). Chronic inflammation is also
implicated as an exacerbating factor in the promotion of leukemo-
genesis. They also demonstrated that chronic low-level inflamma-
tion, induced by insertion of a cellulose acetate membrane, increases
RI-ML incidence to 35.9% (90).

In the C3H/He strain, just as in RFM and SJL/J mice, the par-
tial deletion of chromosome 2 is observed in RI-AML development
(70,93). Chromosome 2 deletions can be detected in the bone mar-
row as early as the first metaphase occurring post irradiation, sug-
gesting a critical initiating role in the process of leukemogenesis (94).
The Ph! chromosome transformation common to human chronic
myeloid leukemia, can be compared to these murine chromosome 2
aberrations in terms of both incidence and disease specificity (95,96).

CBA mouse

CBA mice, like C3H mice, were developed by Strong around 1920.
They too are derived from crossing brag Albino and DBA mice, but
in this case while specifically selecting for low background mam-
mary tumor incidence. The two major substrains, CBA/Ca and
CBA/H, encompass the majority of descendants of the original mice
from the UK (97,98). Male CBA/Ca mice have a shorter lifespan
then females (25).

Irradiating 12-week-old male CBA/H mice with 3 Gy of X or
Gamma spectrum radiation induces myeloid leukemia in 25% of
mice. As the disease progresses after a long latency period (generally
over 1.5 years), metastases occur in sternal bone marrow, liver and

splenic tissue, serving as a diagnostic endpoint (60,61). As in the pre-
viously discussed models, the induction kinetics of RI-induced leuke-
mia are curvilinear, implying a threshold dose is necessary to initiate.
Furthermore, much higher doses do not induce leukemia at all. This
fact correlates well with human epidemiology (99,100).

Again, abnormalities in the structure of chromosome 2
can be observed in over 20% of the mice irradiated at this level
(98,101,102). Such abnormalities can be observed from as early as
20h after IR, to as late as 24 months after (103). Although presenta-
tion of chromosome 2 defects would be consistent with leukemic
progression in that clone of cells, Bouffler et al. were unable to prove
that the presence of an aberrant chromosome 2 clone will conclu-
sively predict eventual development of RI-AML in CBA mice (104).
Abnormalities of chromosome 4 can also be observed in half of cases
of AML in this strain. The loss of Lyr2/TLSRS via deletion or trans-
location was identified as a likely event in disease progression by
Cleary et al. (105). Epigenetic changes can be observed as well. After
irradiation in this model, an 8% decrease in in DNA-methylation is
present. As this decrease is not observed in AML-resistant C57Bl/6,
this change could be associated with the CBA/H mouse’s greater
RI-AML susceptibility (106).

The CBA mouse is the preferred genetically unmodified mouse
model for RI-AML. Advantages include a low spontaneous fre-
quency of AML and a close resemblance to human RI-AML in
disease morphology (97,107). Based on extrapolation of induction
kinetics by X-ray and neutron exposure, Dekkers et al have sug-
gested that a “two-hit” model of RI-AML induction in CBA/H. This
requirement of multiple mutations for progression makes for a more
useful model of human RI-AML (108).

ML-associated molecular pathologies

As previously mentioned, the development of chromosome 2 anoma-
lies are a common observation in multiple mouse models (RE, C3H/
He, CBA and SJL/]) and tend to associate with their development of
acute myelogenous leukemia (70,71,93). Rodents have high rates of
chromosomal recombination when compared with humans, so deter-
mining the directly corresponding piece human chromosome for a
given mouse segment is often a daunting task (109). Amongst the
genes present on mouse chromosome 2 is the Abl gene, famous for
its fusion into the Ber-Abl fusion protein in the Philadelphia chromo-
some. Although the Philadelphia chromosome is usually associated
with CML, it can also be found in ALL and other leukemic lineages
(110,111). The involvement of this gene could be considered as a
factor in these mice, but in mice, the lesion here generally takes the
form of a deletion. Because of this, it was already assumed that the
gene responsible for leukemia initiation was likely a tumor suppres-
sor rather than a proto-oncogene, like Abl (112). The guilty party
was identified by Cook and colleagues as the sfpil gene in 2004
after identifying the general location as a common region of loss
of heterozygosity (LOH) (112,113). This gene, found in the 2Mbp
region commonly missing in AML mice, encodes the transcription
factor PU.1 (114).

PU.1 is a key transcription factor in normal hematopoiesis,
involved in promotion, differentiation and regulation of every
hematopoietic lineage. It is essential for both proper stem cell main-
tenance and the terminal differentiation of macrophages and neu-
trophils (115-119). The PU.1 protein includes multiple domains
including DNA binding, protein—protein interaction and regula-
tory phosphorylation domains imperative for controlled function
(120). In developing hematopoietic cells, lower levels of PU.1 lead
to lymphocyte fates, while higher levels lead to myeloid fates.
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Proper function is required for successful development in both cases
(121,122). However, its importance in equivalent human transfor-
mations is still a subject of active debate (114,123,124).

Primary allelic loss is often caused by a deletion of the afore-
mentioned 2Mbp region from chromosome 2; the second copy of
sfpil is often inactivated via point mutations in its DNA binding
region, yielding a nonfunctional protein (114,123). Homozygous
conditional knockdown of PU.1 in the bone marrow, reducing
expression levels to only 20% of wild type, induces AML in mice
inactivated from birth by 3-8 months of age (125). Induction can
be achieved via inactivation in adult mice as well (126). Also not
sufficient for leukemic transformation alone, the malfunction of this
gene is commonly found paired with other mutations and gene losses
in leukemia. The loss of PU.1 function via a chromosome 2 deletion
is a common ‘second hit’ leukemogenesis event in transgenic mice
already expressing the oncoprotein PML-PAR (127). Upregulation
of c-myc has also been reported accompanying PU.1 deficiencies
in AML cells (128). Interestingly, the forced expression of PU.1 at
normal levels in promyelocitic leukemia cells inhibited clonogenic
growth, forced monocytic differentiation and induced apoptosis,
supporting the hypothesis that the suboptimal expression of PU.1
can promote leukemogenesis by blocking proper maturation of the
cell (114,119). Peng et al. (129) have suggested the quantification of
PU.1-deleted bone marrow cells as a surrogate marker for RI-AML.

Given these data, it would be tempting to declare PU.1 a tumor
suppressor. However, other studies have shown that overexpression
of the very same transcription factor can lead to other cancers, in
particular erythroleukemias (130). It would be more correct to argue
that PU.1 is a critical transcription factor involved in the differentia-
tion of multiple hematopoietic lineages, the dysregulation of which
serves the development of many leukemic variants.

The human ortholog of PU.1, encoded by the SPIT gene, is
on chromosome 11 (119), and is expressed at low levels in most
AML cases, as might be predicted from the mouse models (131).
In contrast with mouse models, though, its inactivation by dele-
tion is comparatively rare in humans (123,124). Other mechanisms
of PU.1 deactivation have been suggested to take precedence in
human AML. The gene could be epigenetically silenced, or inac-
tivated through interaction with a mutated receptor (i.e. the Flt3
cytokine receptor found in 25% of human AML) or another pro-
tein (114). The aberrant expression of certain miRNAs, specifi-
cally miR-1535, has also been suggested as a cause of reduced PU.1
expression (132). Finnon et al. supported this possibility with the
observation that Fl£3-ITD and Sfpi1/PU.1 mutations are mutually
exclusive in murine radiation-induced AML. Regardless of which
gene is mutated, there is no overt phenotypic difference, suggesting
that the two are capable of playing an equivalent role in the onco-
genesis process (133).

As stated previously, the kinetics of IR-induction of myeloid leu-
kemia in these models suggests that two hits are necessary. It remains
to be proven, however, whether radiation is generally responsible for
both of these events. Current understanding points strongly towards
irradiation as the source of Spfi1 deletions (80,93,129). The deletion
could result from direct damage such as breaks in the DNA induced
by ionising radiation itself, or secondary genomic instability such as
that caused by IR-induced free radicals (135-137). For the loss of
the second allele, however, radiation is not the most likely candidate,
as IR does not induce the point mutations often observed in Spfil
(114,123,128). That type of mutation is more likely to be of sponta-
neous origin, and would generally be rectified via homologous repair
mechanisms if not for its deleted counterpart (137,139).

Ban and Kai demonstrated that hematopoietic stem cells (HCS)
surviving 3Gy of radiation are subjected to replicative stress, con-
tributing to their accelerated senescence. This increased rate of
replication decreases replicative fidelity and increases the rate of
mutation accumulation, increasing the chance of a point mutation
in the remaining copy of the Spfil gene. Mathematical models fitted
to experimental data from cobblestone area forming cells (CAFC)
and colony forming unit-granulocyte/macrophages (CFU-G/M) on
ex vivo bone marrows revealed that irradiated HSCs cycle as much
as 10 times more quickly than HSCs in unexposed animals (138).

Hirouchi et al. (107) challenged the commonly accepted para-
digm that HSCs are the sole genitors of RI-AML, concluding that
the cancer can arise from long-lived HSCs, short-lived multipotent
progenitors (MPPs) and even common myeloid progenitors (CMPs)
that have acquired self-renewal potential. They postulate that the
inactivation of Dusp2 on chromosome 2 is another likely contribu-
tor. Cell surface phenotypes and gene expression profiles of the AML
stem cells isolated in their study often resembled CMPs more closely
than they did HSCs (139).

Even though mouse chromosomes do not directly correlate with
human chromosomes, it is useful to identify commonly deleted or
otherwise aberrant regions, as genes that are directly correlated
with the human disease are often found in these ‘trouble spots’.
Chromosome 2 has been identified as a particular trouble spot in
RI-AML, as stated several times before. Other loci on chromosomes
8,13 and 18 have also been identified as involved in leukemogenesis.
RBBPS, a BRCA1 modulator present on chromosome 18, is upregu-
lated in response to X-ray exposure in RI-AML-sensitive CBA mice
but not the RI-AML-resistant strain C57BL/6 (140).

Radiation-induced lymphoma

Although readily inducible in rodents, the link between lymphoma
and exposure to ionising radiation in humans is not as strong as
that between IR and leukemia. Evidence supports at least minor
correlation between radiotherapy and certain types of lymphomas,
according to Hartge and colleagues (141,142). Other investigators
have cautioned that found the link between non-Hodgkin’s lym-
phoma (NHL) and radiation exposure is excessively weak, and that
there may be no association at all between IR and Hodgkin’s dis-
ease (40,143-145). Certain epidemiological studies, however, tip the
scales of evidence in favor of an association. Richardson et al showed
a strong link between ionising radiation and lymphoma mortality
among men exposed to irradiation at the Savannah River Site in
South Carolina. Skepticism over the strength of the IR-lymphoma
link is probably due to the disease’s protracted latency and obscure
mechanism of induction, which make it more difficult to point to IR
as the directly responsible agent (146).

In rodent pathological classification, no difference has been his-
torically drawn between lymphomas and lymphocytic leukemias.
Malignant lymphomas have traditionally been subdivided into six
classifications, and described further based on the tumor site as
thymic, mesenteric or leukemic (147). Prior to necropsy, research-
ers must often turn to indirect observations of animal symptoms to
diagnose lymphoma. Generic moribund symptoms such as labored
breathing and hunched posture, taken along with the specific lympho-
mic elements of spleen and lymph node enlargement, are indications
of fulminant malignancy. When enlarged spleens or lymph nodes are
not readily visible in moribund mice, animals are usually suspected
to have a thymic lymphoma, but it is difficult to conclusively prove
location via simple visual observation (148). Immunological markers
and analysis of morphologic criteria is sampled cells are more useful
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for diagnosis (149-151). The immunophenotypes of murine lym-
phomas often closely resemble those of their human counterparts,
despite the fact that a direct human analog of thymic lymphoma
does not exist (151).

Since its first description in 1953 by Kaplan et al., the induction
of thymic lymphoma (TL) in mice has been extensively studied as a
model radiation-induced cancer (142). C57BL substrains, BALB/c
and NSF mice are all susceptible to RI-TL (153). Table 2 summarises
the induction methods and details of the thymic lymphoma models
described below.

CS57BL mouse

CS7BL mice, developed in 1921, are one of the most widely used
mouse strains in the laboratory. They are derived from a simple cross
between female 57 and male 52 of the same Miss Abbie Lanthrop
stock. Spontaneous leukemia develops in almost 7% of C57BL/6
mice (154).

The induction of thymic lymphomas in mice by radiation has
been accomplished for many years. Sacher and Brues (155) were able
to induce thymic lymphomas with X-irradiation as early as 1949. In
1952, Kaplan et al. published a seminal paper identifying the optimal
dose fractionation period for TL induction. Irradiating C57BL mice
just four times at weekly intervals results in 93% disease penetrance
within roughly 250 days of the initial irradiation. When taking into
account all of Kaplan’s fractionation experiments, even those with
lower degrees of penetrance, female C57BL mice are significantly
more susceptible in developing thymic lymphoma, with 58% of
females dying of lymphomas versus 47% of males. TL can also be
induced in many substrains with similar frequencies and induction
periods, including C57BL/6, C57BL/10 and C57BL/Ka (156-158).
The primary sites of metastasis in most murine lymphoma cases are
the lungs and peripheral lymph nodes (159).

The presence of MEL-14" (lymphocyte homing receptor), H-2K"
(histocompatibility antigen) and IL-2R* (interleukin 2 receptor) sur-
face markers on thymus cortical cells is often a hallmark of nascent
lymphoma development. In a healthy adult thymus, less than 3% of
the cells in the cortex express these surface antigens (160-162). Most
TL tumors also bear the T-lymphocyte specific antigens Thy-1, Lyt-1
and Lyt-2 (163,164).

In C57/BL mice, the most commonly detected chromosomal
abnormality in IR-induced thymic lymphomas is trisomy 15, seen in
65-71% of cases (165,166). Duplication of a chromosome 15 leads
to a third copy of the oncogene myc (167,168). This aneuploidy has
a human parallel, making it highly relevant to human disease pro-
gression. In nearly all Burkitt’s lymphoma (BL) cases, a transloca-
tion between myc’s home region and an immunoglobin regulatory
region lead to similar increased protein expression. Myc is one of
the best known oncogenes; as a transcription factor downregulat-
ing apoptosis and upregulating mitosis, its dysregulation has been

observed in many cancers besides BL (169). N-7as or K-7as activation
is another common oncogene to be activated, reported in just over
50% of RI-TL cases in the C57BL/6] strain (161,170). Inactivation
of tumor suppressor p53 does not seem to be a hallmark of this
model’s RI-TL progression, although transgenic p53 knockout mice
do exhibit higher frequency of RI-TL (168,171).

BALB/c mouse

BALB mice were originally bred by Bagg in 1913. In 1932 Snell
expanded the strain and added the ‘/c> appellation to reflect their
homozygous ‘color’ locus (172). BALB/c mice are sensitive to
radiation-induced lethality, but have not been shown to develop
RI lymphatic leukemia. Radiosensitivity of the BALB/c strain is at
least partially due to low levels of DNA-PKcs expression, leading to
diminished double-strand break repair capacity (173).

However, thymic lymphoma can be readily induced according
to the methodology introduced by Kaplan et al. Just as in C57/BL6
mice, 1.7 Gy of fractionated radiation beginning at 4 weeks of age
induces this cancer in 86% of males and 77% of females, with a
mean latency of about 5 months. Although their induced rate is
lower, only females spontaneously develop lymphoma in 5.5% of
animals (148,153).

Most studies of lymphomagenesis mechanisms were conducted in
either C57BL/6 and its substrains, or in hybrid models comprised of
a BALB/c parent mated to a radiation-induced lymphoma-resistant
strain. More recently, inbred BALB/c mice have been used in studies
investigating the role of microRNAs (miRNA) in radiation-induced
lymphomagenesis. Liu et al. have concluded that the expression of
the tumor suppressor gene Big-h3 is downregulated while miR-21
is upregulated in RI-TL. It is likely that miR-21 suppresses Big-h3
expression by binding to specific target sequences in the 3" untrans-
lated region of the mRNA (a 3°'UTR dependent manner) (174,175).

NEFS mouse

Inbred NFS mice were derived from outbred NIH Swiss-Webster
mice introduced to Japan in 1972. The strain is maintained by sib-
ling mating. It is currently referred to as either NFS or NIH Swiss/S
(176).

In NFS mice, induction of thymic lymphoma is performed with
four weekly irradiations of 1.7 Gy beginning at 1 month of age,
much like induction in BALB/c and C57BL mice. In this strain, males
and females have nearly identical susceptibility rates. The latency
period, thought, is longer in males, at 208 days versus 167 in females.
Spontaneous thymic lymphoma occurs in roughly 10% of mice
by 600 days of age (176). The incidence of IR-TL can be reduced
by performing a thymectomy prior to irradation. Completing this
procedure before irradiating increases the incidence of nonthymic
lymphomas and leukemias, leading to alternative cancers in 67% of
treated mice. This athymic induction potentially provides a murine

Table 2. Induction of thymic lymphoma in mice with low-LET ionising radiation

Malignancy Mouse strain Age Sex Dosage Fractionation Latency spontaneous  Induced Ref.
frequency frequency

Thymic Lymphoma CS7BL (C57BL/6, 4-6 weeks Male, Female ~1.7 Gy 4x once 3-6 months <1% >90% (159)
C57BL/6]) weekly

Thymic Lymphoma BALB/c (BALB/ 4 weeks  Male, Female ~1.7 Gy 4x once 2.5- 5-6% females; 77% (Females) (148,153)
cHeA) weekly 9.5 months 0% males 86% (Males)

Thymic Lymphoma NFS 4 weeks ~ Male, Female ~1.7 Gy 4x once 3-6 months >1% within 90% (females) (176,177)

(

weekly 12 months 89% (males)




498

L. Rivina et al., 2016, Vol. 31, No. 5

lymphoma model more in line with human lymphomagenesis by
eliminating the distinctly murine thymic lymphoma. In athymic ani-
mals, the latency period for hematopoietic malignancies lasted up
to 10 months following IR, 2 months longer than the equivalent TL
induction period. These nonthymic lymphomas are most likely to
be of B-cell origin, and can be predominantly found in the spleen or
mesenteric lymph nodes (177).

TL-associated molecular pathologies

In thymic lymphoma research, hybrid models are often used over
inbred strains due to simpler detection of underlying molecular
pathologies. Commonly used hybrids include (C57BL/6] x BALB/c)
F,, B6C3F1 (C57BL/6] x C3H)F, C3B6F1 (C3H x CS7BL/6)F ,
(BALB/c x MSM)F, (178), (C57BL/6] x RF/])F, (179), (CS7BL/6] x
DBA)F, and CBA/H x C57BL/6 (180,181) as well as the CXS series
of recombinant inbred strains derived from TL-susceptible BALB/
cHeA and TL-resistant STS/A (148). As one might expect, when
inducing thymic lymphoma in hybrids between strains with low
susceptibilities and those with high susceptibilities, like BALB/c x
MSM, RI-TL frequencies usually lie between those of the parental
strains. These particular hybrids will require higher radiation doses
to be used during their four weekly fractions when compared to the
TL-susceptible strains discussed above, such as the use of 2.5 Gy
rather than 1.7 Gy (178). Studies involving hybrid mice have eluci-
dated the importance of tumor suppressor inactivation in TL pro-
gression, with such genes as Ikaros/Znflal (182,183), Bcl11b/Ritl
(184), p73 (185), p19/ARF (186), p1S/INK4b(Cdkn2b) and p16/
INK4a(Cdkn2a) (187) commonly deleted or suppressed in radia-
tion-induced lymphomagenesis. Transgenic expression of Notch1 in
murine lymphocytes also induces lymphomagenesis (188). As with
any cancer, the combination of tumor suppressor inactivation with
oncogene activation drastically increases progression. Notch1 activa-
tion coupled with inactivation of Notch2, overexpression of c-Myc
and defective Znfnlal/lkaros binding has been reported in 81.25%
of RI-TLs, suggesting their molecular collaboration in the lympho-
magenesis process (189). Hybrid experiments also confirm the roles
of the common chromosome abnormalities of chromosomes 4, 11
and 12, although such aberrations do not appear ubiquitously in
all hybrids. BALB/C x MSM does not often show LOH on chromo-
some 4, while the same event is commonly observed in C57BL/6] x
RF/J hybrids (181). Observations like this underscore that geneti-
cally inherited predisposition for damaging events to occur at cer-
tain gene loci plays an important role in the differences in disease
susceptibility and molecular pathology between strains. Saito et al
report multiple susceptibility loci, pointing to areas near D4Mit12
on chromosome 4, D2Mit15 on chromosome 2 and D5Mitl15 on
chromosome 5 (178). Additional, sex-dependent susceptibility loci
have been identified by Piskorowska and colleagues on chromosome
10 (D10Mit134), and chromosome 12 (D12Mit521) (190).

The C57BL/6 and C3H hybrid strains C3B6F1 and B6C3F1
present similar chromosome aberrations, exhibiting copy-number
reduction and allelic loss at Ikaros and Bcllb, but not at Cdkn2a/
Cdk2b and Pten loci, when compared to their parental strains.
Alterations of Tkaros and Bcl1b are usually due to multilocus dele-
tions, while Cdkn2a/Cdk2b and Pten show uniparental disomy. In
this strain ITkaros appears to be lost first, followed by the loss of
Bcl11l at a later time. This pattern contrasts with that observed
in BALB/c x MSM hybrids, where the order is reversed (166). In
C57BL/6 and C3H hybrids rearrangements in Tcra (T-Cell Receptor
Alpha) are more common than Terb (T-Cell Receptor Beta) rear-
rangements, although both aberrations are observed Tcrb is more

strictly regulated than Tcra, so this disparity is to be expected, but
the fact that Terb allelic loss is observed suggests that increased aber-
rant V(D)] rearrangement or increases in illegitimate V(D)] recom-
bination may be important events in IR-induced lymphomagenesis.
Divergence in the rates of these particular events may be other fac-
tors responsible for differences in susceptibility to RI-TL between
strains (166). V(D)J recombination deficiencies are also associated
with intragenic deletions in Bc/11b and Notch1. These phenom-
ena have been observed in human lymphoid malignancies as well
(191-193).

The idea that the major contribution of radiation to IR-TL is by
the indirect mechanism of inducing genomic instability was expanded
upon by Kominami and Niwa (194). Their hypothesis suggests that
the main result of fractionated total body irradiation is widespread
apoptosis in the thymus gland, rather than minor, mutation induc-
ing damage to the larger population of cells. The high casualty rate
leaves a void in that cell niche, stimulating differentiation arrest and
population regeneration by surviving thymocytes. The replicative
stress of this event both reduces replicative fidelity and crafts a pro-
growth environment for those cells possessing tumorigenic potential
(157,195-197). The observation that transplantation or intravenous
infusion of unirradiated donor marrow into the irradiated host
reduces subsequent lymphomagenesis is consistent with this model.
By restoring the thymic microenvironment, the clonal expansion of
irradiated T-cell precursors is prevented. Shielding the bone mar-
row of the irradiated host protects against RI-TL through the same
microenvironment-preserving mechanism. Inversely, the transplanta-
tion of an unirradiated thymus into an irradiated animal leads to the
development of full TL, again suggesting that the replicative stress is
most responsible for lymphoma progression rather than direct radi-
ation damage (196,198-200). Muto and colleagues demonstrated
that intrathymic and intraperitoneal injections of thymocytes from
donors irradiated 4 months previously also resulted in T-type lym-
phomas derived from donor cells. However, when donor cells were
taken only one month post irradiation, only intrathymic injections
developed into donor-type lymphomas in the recipient host. This
suggests that the thymus is important in the further promotion of
these ‘prelymphoma’ cells. Injecting bone marrow cells rather than
thymocytes failed to induce lymphomas in the recipient, suggesting
that the bone marrow is a less likely origin site of this prelymphoma
cell (201). Furthermore, subjecting RF mice to thymectomy prior
to irradiation drastically reduced the incidence of TL, from 32% to
just 1% (57). Lymphoma progression, therefore, likely follows the
body’s attempt to repopulate after massive induction of apoptosis
after IR. The importance of apoptosis as a key first step in thymic
leukemogenesis is further supported by the finding that manipula-
tion of apoptotic susceptibility in GEM can impair or even acceler-
ate the process (202,203). Mori et al point to the region containing
prkdc as a quantitative trait locus determining susceptibility to both
radiation-induced apoptosis and cancer (204). The irradiation of
supporting cells and tissues, rather than only thymocytes, plays a
critical role in the origination of this malignancy. After catastrophic
damage is taken by the thymic microenvironment, it is the thymus’
own desperate attempts to stimulate thymocyte repopulation that
prime the replicatively stressed cells for development into TL.

The interactions between thymus tissues and hematopoietic
progenitors which lead to lymphoma appear to be at least partially
mediated by Notch receptors and their ligands (194). Alterations in
the management of reactive oxygen species (ROS) that would accom-
pany a state of rapid replication would lead to the accumulation
of further pro-lymphomic mutations in repopulating thymocytes
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(31,205). The presence of a variant of Mif-1 (metal responsive
transcription factor-1), identified in TL-susceptible BALB/c mice
by Tamura et al., was linked to both higher proliferation levels of
premature thymocytes and higher levels of ROS when compared
to RI-TL resistant strains lacking this variant (206,207). MTF-1 is
involved in post-radiation signaling pathways regulating intracellu-
lar ROS (208).

Although thymic lymphoma itself is not specifically observed
in humans, the radiation-induced lymphomagenesis mouse model
offers important insight into the progression of related human
hematopoietic neoplasias. The Ikaros gene, identified in the RI-TL
mouse model, is implicated in human acute lymphoblastic leukemia
(ALL), the most common hematopoietic malignancy in children
(182,209-212). Tsuji et al. used the RI-TL model to demonstrate
the contribution of illegitimate V(D)] recombination to Notchl
5’-deletions, deregulation of which is thought to be involved in
the etiology of both B- and T-cell human lymphomagenesis (213).
Notch1, a diverse master regulator responsible for a plethora of cel-
lular processes, is itself an important player in both RI-TL and T-cell
acute lymphoblastic leukemia (213). PTEN (215) and CDKN2A/
CDKN2B have similarly been proposed as potential oncogenes in
human ALL (216,217). EPHA?7, inactivated in 100% of TL in mice,
is also inactivated in 95.23% of human T-cell lymphoblastic leuke-
mia/lymphomas (T-LBL) via loss of heterozygosity, promoter hyper-
methylation, or a combination of the two (218).

Radiation-induced lung cancer

Lung carcinoma is the deadliest cancer type in industrialised nations,
responsible for over a quarter of all cancer deaths. Smoking remains
the single greatest risk factor behind this disease (219). Despite
this, lung cancers were one of the first to be linked with radiation
exposure because of their high rate of mortality (220). The vast
majority of data on the link between radiation exposure and devel-
opment of lung cancer can be attributed to epidemiology from three
groups: underground miners, exposed to internal alpha radiation
via radon-222 and radon-220 inhalation; Patients who have under-
gone radiotherapy patients to treat neoplastic and non-neoplastic
malignancies; and Japanese atomic bomb survivors (4,221,222).
The latency period after induction from gamma or X-ray exposure

is particularly long for lung cancer, taking a minimum of 9-10 years,
with an increased risk persisting in survivors for over 25 years. After
correcting for gender based differences in smoking rates, females are
considerably more susceptible to radiation-induced lung cancer than
males. Adenocarcinoma appears to be the most common type of
lung cancer in a population exposed to large amounts of radiation.
No correlation exists between age of exposure and development of
this malignancy (4,223,224). Travis and colleagues have reported
that, in Hodgkin’s disease patients treated with total radiation doses
of 40Gy or more, a significant increase in all histopathological types
of lung cancer can be observed even after controlling for smoking.
Incidence of radiotherapy-induced lung cancer in Hodgkin’s Disease
patients peaks 5-9 years after radiation therapy (225-227). Evidence
of the link between lung cancer and irradiation is further supported
by studies reporting increased rates of lung cancer in radiation
treated breast cancer survivors as well (228,229). One study of such
irradiation treated breast cancer patients showed a relative lung can-
cer risk of 1.5 over 10 years when compared to surgery only controls
(230).

Localised radiation exposure, like whole body exposure, can
result in health effects with varying degrees of severity. In both mice
and humans these consequences include pulmonary fibrosis and
carcinogenesis. Whether radiation exposure will result in primarily
pulmonary fibrosis or increased cancer risk appears to be a function
of dose. Fibrosis occurs when cells are killed outright, so it is actu-
ally lower doses of IR that are more likely to cause the initiation
of carcinogenesis (220). Williams et al provide an extensive guide
for the selection of radiation-induced fibrosis animals models (22).
The table below summarises three models of radiation-induced lung
cancer, generated by employing both whole body irradiations and
targeted thoracic exposures in C3H, BALB/c and RFM mice.

C3H mouse

C3H/He mice are moderately sensitive to the induction of lung can-
cers via IR, and also develop spontaneous lung tumors at a low fre-
quency (231). Multiple regimens are viable in this mouse depending
on the goal of the researcher. 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%. The great

Table 3. Induction of lung cancer in mice with low-LET ionising radiation

Malignancy Mouse strain Age Sex Dosage Fractionation Latency Spontaneous Induced frequency Ref.
frequency
Lung Cancer C3H (C3H/HeSlc) 6 weeks Male 7.5 Gy thoracic 2 doses, 12-h 12 months 3.5-9.5% 40% (232,233)
interval
Lung Cancer RFM (RFM/Un) 10-12 weeks Female 9 Gy thoracic  single 9 months ~28% 87% (235,236)
Lung Cancer BALB/c (BALB/c/An) 12 weeks Female 2 Gy TBI single 12 months ~12% ~37% (237,238)
Table 4. Induction of breast cancer in mice with low-LET ionising radiation
Malignancy ~ Mouse strain Age Sex Dosage Fractionation  Latency Spontaneous Induced frequency — Ref.
frequency
Breast cancer BALB/c 12 weeks  Female 2.0 Gy TBI Single ~24 months 8% 22% (237)
Breast cancer BALB/c orthograft 12 weeks Female 1.0 Gy TBIof = Single 10 weeks <1% Dysplasia ~75% (271)
donor cells Tumors ~25%

(dependent upon

donor cell

passage)
Breast cancer BALB/c chimera 12 weeks Female 4.0 Gy TBIof Single 6 weeks ~19% ~81% (30)

host
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expanse of time between exposures, however, makes this model less
relevant to researchers trying to closely model a human exposure
scenario. Another plan, two 7.5 Gy thoracic irradiations around a
12 hour interval, yields roughly 40% induction in males exposed
at 6 weeks of age, and is generally considered to be more relevant
clinically. Mice irradiated in this fashion develop alveologenic ade-
nomas and adenocarcinomas after a latency period of 12 months.
Tubular or papillary form tumors are observed only rarely (232). In
whole body irradiation dose response studies, Hashimoto and col-
leagues showed that tumor incidence increased with dose to a peak
at 5.0 Gy, but decreased at 10Gy. This observation demonstrates the
competitive dynamics between opposing inductive and suppressive
effects of radiation with regards to the initiation of cancer and fibro-
sis. Comparatively lower doses induce DNA strand breaks, deletions
and recombinations that can push a cell into cancer development,
but higher doses can kill affected cells outright and lead to their
replacement by less cancer-prone fibrotic tissue (233).

Even factors as ostensibly distant as circadian rhythm have measu-
reable effects on induction rates. An irradiation at night is a far more
potent inducer of RI-LC in C3H mice than an equivalent daytime dose.
In this strain, 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
(232). This response does not seem to be an artifact of the murine
model, as circadian variations have been reported in human cancer
therapy responses as well (234). As stated previously, dual thoracic
irradiation is the most clinically relevant method of induction for this
strain, and also carries the lowest rate of inducing other, obfuscating
cancer types along with the lung tumors to be studied (220).

RFM mouse

Lung adenomas are inducible in both male and female RFM/Un mice
exposed to IR at 10-12 weeks old (235,236). 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. A dose of 10.0 Gy causes the same malig-
nancy roughly 54% of the time within 11 months, with a tumor
multiplicity of 0.8 tumors per mouse. A potential downside of this
strain is its high rate of spontaneous lung carcinogenesis, arising in
28% of unirradiated females and 32% of males (235,236).

BALB/c mouse

A single 2.0 Gy whole body irradiation at a dose rate of .35 Gy/
min administered to a 12-week-old female BALB/c/An mouse results
in a 37% induction rate of lung adenocarcinoma, with an average
latency of 12 months. The spontaneous rate of these mice developing
this cancer is between 11 and 14 % (237). Fractionation of the 2.0
Gy dose does not increase lung cancer incidence relative to the single
irradiation (238).

Lung cancer-associated molecular pathologies

Though the effects of dose, dose-rate, fractionation and radiation
quality on murine lung carcinogenesis have been studied extensively
for some time, the mechanisms of lung cancer induction are notori-
ously difficult to discern in animal models. The underlying molecular
and pathophysiological mechanisms remained largely elusive until
GEM achieved widespread use. Some molecular mechanisms identi-
fied still have yet to be definitively correlated with observed patholo-
gies in inbred strains (233-238,239). A great deal of data, though,
was able to be obtained retroactively from massive radiation studies
involving 40,000 B6CF, hybrid mice (C57BL/6 females x BALB/c
male) at Argonne National Laboratory between 1971 and 1986

(240,241). Genetic material was extracted for PCR-amplification
from the paraffin-preserved lung tissues of animals with adenocar-
cinomas and their controls. A significant percentage of the samples
derived from radiation-induced or spontaneous lung adenocarcino-
mas from this study showed deletions of the tumor suppressor Rb.
Deletion of this gene appeared to cut across all adenocarcinomas
regardless of their mechanism of induction, suggesting that its loss is
critical to lung cancer progression. No statistically significant differ-
ences in Rb deletion frequency were observed in adenocarcinomas
whether animals received 60 weekly doses of 0.1 Gy, single doses
of 5.69 Gy, or were so unfortunate as to develop adenocarcinomas
spontaneously. Furthermore, 97% of samples containing Rb dele-
tions also carried p53 deletions, suggesting that mutation of p353 is
likely a predominant step in radiation-induced lung carcinogenesis
in B6CF, mice (241). A separate study on the same preserved tissues
also uncovered a high rate of point mutations in the K-ras gene,
again regardless of whether the cancer arose spontaneously or after
24 or 60 weekly irradiations (242).

Dysregulation of p53, K-ras and Rb are commonly observed in
both human and murine lung cancers (243-245). The p53 tumor
suppressor is so commonly mutated in cancers of all that it has accu-
mulated a variety of nicknames like ‘the guardian of the genome’.
Lung cancer is certainly no exception, with its inactivation by either
deletion or mutation occuring in 80% of primary lung tumors (244-
249). The loss of p53 is associated with poor clinical outcome (243).
Rb is another tumor suppressor inactivated either directly or indi-
rectly in a wide variety of tumors, including 90% of human small
cell carcinomas (250,251). K-ras is a proto-oncogene involved in cell
differentiation, growth and anti-apoptosis, but it also widely modi-
fied in many cancers (252). A total of 20-30% of human lung ade-
nocarcinomas possess a mutation in the RAS gene (253). Activated
K-ras is also associated with a poor clinical prognosis (254).

Although much of the molecular pathology of lung cancer was
teased out of GEM, inbred mice provide a more versatile platform
for the testing of therapeutic agents directed against secondary can-
cers, 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 (23), are useful and sophis-
ticated models for answering specific questions of molecular biology,
but are purposefully self-limiting and biased by nature. These mod-
els are predisposed to develop only one type of malignancy along a
designated progression route. As such, they do not permit the study
of alternative mechanisms of carcinogenesis. If radiation-induced
lung carcinogenesis, or interventions against it, act outside of pre-
cisely pre-programmed initiation and progression pathways, GEM
studies are much less relevant. Inbred mice present a more unbiased
approach to discovery studies.

Radiation-induced breast cancer

As with lung cancer, three massive groups are responsible for most
epidemiological data on the link between radiation exposure and
breast cancer. These three groups are Japanese female survivors of
the atomic bomb attacks, females subjected to diagnostic fluoro-
scopes in Massachusetts tuberculosis sanatoria and women treated
for postpartum mastitis in New York (6,255,256). Data from the
Japanese atomic bomb cohort demonstrates that breast carci-
noma 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 than
controls (255). Radiation therapy is implicated as a causative agent
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in secondary breast cancers, and demonstrate dependency on age
at exposure. Up to 35% of women treated for Hodgkin’s disease
with radiation therapy early in life developed breast cancer by the
age of forty. According to Bhatia and Sankila, the latency period of
IR-induced breast cancer is roughly 10 years (257,258). Stovall and
colleagues report that an absorbed radiotherapy doses over 1Gy to
the contralateral breast during treatment of a primary breast tumor
is linked to a high risk of secondary de novo contralateral breast
cancer (CBC) (259). Reproductive history is also a factor in CBC
risk. Women childless at first cancer diagnosis were more likely to
develop CBC after radiotherapy than age-matched mothers (260).
According to Boice, women treated with radiation therapy for exist-
ing breast cancer can have up to 1.5 times the risk of developing a
second, contralateral cancer, especially if irradiated before age 45. As
a total population, about 2.7% of secondary breast tumors can be
attributable to radiation (261).

Ionising radiation is well-established as an etiological agent
in both murine and human breast cancer (223,233,262-267).
Mammary cancer mouse models are absolutely invaluable to the
study of chemotherapeutic interventions and modeling molecular
pathologies, despite differences such as differences in precise site of
origination and low hormonal dependence frequencies (264). The
BALB/c mouse is an extensively used model of mammary cancer,
which can be induced with either full body irradiation or the implan-
tation of irradiated tissues into syngenic mice (268). As detailed
below, much of the radiation sensitivity that contributes to the con-
venience of the BALB/c model for IR breast cancer induction can
be attributed to rather languid PKcs protein activity, which leads to
lower levels of NHE] repair (269). Importantly, this maintains the
model’s relevance to human breast cancer induction, as the human
ortholog of this same gene has a particularly low level of differen-
tial expression in human breast tissue (270). Table 4 summarises the
most commonly used BALB/c models.

BALB/c whole-body exposure model

Studies in the BALB/c female whole-body irradiation model show an
increase in mammary carcinogenesis from a background frequency
of around 8% to about 22% over the mouse’s entire lifetime. This
mammary adenocarcinoma induction method consists of irradiating
12 week old females with a total dose of 2.0 Gy, at the dose-rate
of 0.35Gy/min. Irradiation with the same total dose at the lower
dose-rate of 0.083 Gy/day results in only half the induction fre-
quency, around ~13% (237). The high dose rate seems to be key
rather than the total dose; even a dose of 0.25Gy at 0.35Gy/min is
capable of inducing mammary tumors in about 20% of mice (238).
While irradiation increases the incidence of breast adenocarcinomas,
it does not decrease disease latency relative to spontaneously arising
tumors. Hyperplastic lesions in the mammary ducts are generally
detected 12-14 months after IR exposure, prior to appearance of the
tumor proper (272). Radiation-induced breast adenocarcinoma sen-
sitivity in the BALB/c female has been attributed to polymorphisms
of Prkdc, a DNA-dependent protein kinase gene, involved in DNA
repair and post-IR cell signaling (269). An unfortunate drawback
of this model, despite its simplicity, is its high rate of concurrent
ovarian tumor development, detected in over 90% of autopsied mice
(237).

BALB/c syngenic transplant model

In 1959, a great advance was made in the field of breast cancer biol-
ogy when DeOme and colleagues introduced a murine orthograft
breast cancer model. This model consists of clearing the mammary

fat pad from a 3-week-old female virgin mouse and subsequently
transplanting a 1mm duct fragment from a donor mouse with
hyperplastic lesions (273,274). Ethier and Ullrich successfully
adopted this model from the original strain into BALB/c mice and
used it extensively to demonstrate differences in sensitivity between
strains and associated molecular mechanisms (269,271,275,276).
Barcellos-Hoff and colleagues employed this model to demonstrate
the importance of tissue microenvironment in the breast carcinogen-
esis process (277-280).

Ethier and Ullrich also employed the ‘cell dissociation assay, a
combined in vitro/ cell culture 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 24h post-exposure.
A single-cell suspension of 10* cells from these donor animals is
then injected into 3-week-old virgin BALB/c females with cleared
mammary fat pads. 10 weeks post procedure, recipient mice are
sacrificed and outgrowths removed and analyzed for anomalies in
ductal architecture. Normal duct outgrowths contain 2-3 terminal
ducts, and are capped by end buds in the fat pad. Abnormal out-
growths, on the other hand, can have 10 or more terminal ducts
capped with hyperplastic end buds. These abnormal architectures
are classified between Classes I and III, with Class III being most
severe (275,281,282).

In another series of experiments, Ullrich and colleagues dem-
onstrated that cells harvested from an irradiated donor, passaged
in vitro and finally transplanted into unirradiated recipient mice
develop into either dysplasia or adenocarcinomas. The degree of dys-
plasia exhibited in the host mouse depends upon time of harvesting
and number of passages in culture prior to implantation. Cells har-
vested 52 weeks post-IR tended to generate dysplastic outgrowths
in 75% of mice and develop into full tumors in 25% of cases. Cells
harvested at up to 16 weeks IR only develop into normal outgrowths
unless subjected to extensive in vitro passaging. This observation
suggests that the irradiated ductal microenvironment plays a criti-
cal role in the initiation of oncogenesis. The dysplasia and tumors
observed in the host mouse resemble iz situ tumorigenesis, complete
with leukocyte infiltrations and angiogenesis (272).

BALB/c chimeric model

Barcellos-Hoff and Ravi established a chimeric radiation model in
which the fat pads of a BALB/c mouse host are cleared at 3 weeks
of age. The same mouse is then whole body irradiated with 4.0 Gy
at 10-12 weeks of age (30). Three days later, these hosts receive a
transplant of immortalised but non-malignant COMMA-D mouse
epithelial cells, derived from midpregnancy BALB/c females (283).
Six weeks post-IR the cells injected into irradiated host develop
into tumors with 81% penetrance, compared to only 19% of cells
injected into an unirradiated host. This syngenic model further dem-
onstrates that radiation causes changes in the stromal microenviron-
ment which contribute to carcinogenicity (30). Whole implantation
of a 1mm? formed duct epithelial fragment acquired from either a
wildtype donor or a donor primed for neoplastic development also
works as an alternative model to injection of cell suspension (284).

Breast cancer-associated molecular pathologies

Cell lines harvested from female BALB/C mice 4 weeks (EF42) or
16 weeks (EF137) after 1 Gy whole body irradiation are a common
investigative platform for the molecular pathologies of breast can-
cer tumorigenesis. Cell culture studies point to a number of familiar
players in the oncogenic protein scene. Reduced or absent Rb can be
detected after 11 passages in EF42 cells, and after only six passages
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in the EF137 line. Mutant p53 is present in 95% of these cells after
20 passages and even as early as passage 6 in 1-5% of cultures, sup-
plying more evidence that p53 mutation is an initiating transforma-
tion event in preneoplastic cells. Expression of angiogenesis markers
can usually be detected after about 20 passages (272). In in vivo
transplantation studies, Ethier and Ullrich reported that introducing
10 times the usual amount of cells (10°) actually decreased both the
frequency and severity of observed dysplasia, compared to a stand-
ard injection of 10* cells (275,281). This suggests that replicative
stress may be contributing to faster and more prominent progression
into ductal dysplasia.

Barcellos-Hoff and colleagues link the rapid remodeling of the
irradiated mammary gland microenvironment to changes in both
the extracellular matrix and increases in Transforming growth factor
beta (TGF-f) expression (277,285-287). The compensatory expres-
sion of this growth factor is likely increased to encourage replace-
ment of cells forced to undergo apoptosis in the original irradiation,
but high expression brings with it the dangers of progrowth signal-
ing and replicative stress (284). TGF-f is involved in the regulation
of a variety of cell processes, including cell cycle control, apoptosis
and cell differentiation (286,288). Activation of TGF-f as a result
of radiation has also been implicated to influence cell fate decisions
and DNA-repair kinetics in an ATM-dependent manner (289,290).

Importantly, chimeric models are able to capture prominent fea-
tures of breast cancers thought to arise following irradiation even
though the transplanted epithelium itself has not been irradiated.
IR-associated human breast cancer arises from the duct cells and
often infiltrates the rest of the breast tissue, a progression similar to
that observed in transplantation mouse models (5). Tumors induced
from transplanted epithelium that test negative for P53 expression
are estrogen receptor (ER) negative as well, much like the phenotype
observed in secondary IR derived human breast cancers (284,291).
The Rb deficiencies observed by Ullrich and Preston in neoplastic
duct cells are also often reported in human breast cancer, and cor-
relate with a highly invasive tumor phenotype (292).

Conclusions

An absolutely ideal radiation-induced carcinogenesis mouse model
possesses a low spontaneous background frequency of the desired
malignancy, has a short latency period, avoids the co-development of
cancers at alternative sites, and produces tumors nearly identical to
the corresponding human cancer in terms of 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. The most care should be
taken to best emulate molecular and pathophysiological features of
human radiation-induced malignancies, as these features are key to
a model’s relevance. No model reflects the human condition com-
pletely, however, even on a single factor. The use of mouse models
must always be realised as part of a toolkit containing other experi-
mental platforms as well. Radiation-induced secondary cancers can
still be difficult to discern from primary tumors in both humans and
mouse models. Further research into identifying and differentiating
these cancers based on differences in their respective molecular sig-
natures is a difficult challenge, but one that brings great potential
reward.

Radiation mitigation, with the aim of reducing cancer risk in irra-
diated individuals is a developing but promising field. Administration

of antioxidants appears to reduce damage from irradiation, likely by
quenching ROS generated. The administration of antioxidants gen-
erally shows the best effect via protection, not mitigation. However,
there is evidence that some medium to long-term radiation-induced
injury may come about due to chronic oxidative stress—in which
case, the correct application of antioxidants may have a measurable
effect in the mitigation window after all (293). Kuefner et al. observed
a significant reduction of H2AX foci, markers of DNA damage,
upon in vitro preincubation of human lymphocytes with glutathione
before irradiation, but this effect did not extend to post-irradiation
incubation, nor is it clear whether this effect might carry over to
in vivo experimentation (294). As mentioned previously, Amifostine
and its active metabolite, WR-1065, have been shown to have some
promise differentially protecting healthy tissue over tumor cells dur-
ing radiotherapy when administered beforehand (20,295). The use
of other micronutrients, such as DNA cofactors and selenium, has
also been suggested (296). No clear agent stands out yet, however, as
the perfect agent to protect against both radiation-induced toxicity
and subsequent cancer risk. As with all complex drug/disease inter-
actions, the use of mouse models to determine an effective treatment
is an imperative. If a compound can be conclusively shown to effect
the myeloid leukemia rates in these establish models, it would have
an extraordinary impact on the field of oncology.

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
and other interventions against radiation-induced carcinogenesis.
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