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Abstract

As cancer has become increasingly more prevalent in our society, cancer prevention research has
evolved toward placing a greater emphasis on reducing cancer deaths and minimizing the adverse
consequences of having cancer. “Precision cancer prevention” takes into account the collaboration
of intrinsic and extrinsic factors for influencing cancer incidence and aggressiveness in the context
of the individual, as well as the recognition that such knowledge can improve early detection and
more accurate discrimination of cancerous lesions. The premise of this review is that analyses of
mouse models can greatly augment precision cancer prevention. However, as of now, mouse
models, and particularly genetically-engineered mouse (GEM) models, have yet to be fully
integrated into prevention research. Herein we discuss opportunities and challenges for “precision
mouse modeling”, including their essential criteria of mouse models for prevention research,
representative success stories, and opportunities for the more refined analyses in future studies.

Cancer prevention in the era of precision medicine

Considering the close association of many adult cancers with aging and the continuing rise
in the aging population, it seems unlikely that cancer will be completely eradicated anytime
in the near future. However, reducing the incidence of cancer deaths and minimizing the
adverse life-changing consequences that impact cancer survivors are achievable goals in the
near-term. Thus, we can consider cancer prevention research not simply in terms of seeking
to prevent the occurrence of cancer, but also seeking to minimize (or prevent) the adverse
consequences that result from Aaving cancer. This conceptual framework requires a precise
understanding of the genetic, and epigenetic factors that promote cancer, and how these are
influenced by environmental factors such as diet, hormones, pharmaceutical agents, or
others. Undoubtedly, more cancer deaths could be prevented by early diagnosis and
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concomitant early intervention. However, early detection often comes at the price of over-
diagnosis and overtreatment of non-harmful lesions that are not likely to progress to lethal
tumors. This is evident from the rise in breast cancer diagnosis as a consequence of wide-
spread mammogram screening, and the analogous increase in prostate cancer diagnosis as a
result of screening for prostate specific antigen (PSA)L. Thus, realizing the benefits of early
detection will require improved means of distinguishing, at the earliest possible stages,
“true” cancers that require intervention from the majority of non-malignant ones. On the
other hand, identifying “true” cancers as early as possible would likely allow more effective
treatment management and improve cancer outcomes.

In recognition of these challenges, the definition of cancer prevention has been evolving?.
According to traditional definitions, Primary Prevention refers to the identification of
extrinsic and intrinsic risk factors in healthy individuals with the goal of minimizing their
exposure and thereby reducing cancer incidence (Figure 1). Seconadary Prevention refers to
the identification of pre-neoplastic and/or early stage cancer lesions with the goal of
improving their detection and discrimination, and preventing or delaying progression to
clinically-relevant disease. 7ertiary Prevention refers to controlling the adverse
consequences associated with having clinically-relevant cancer, which is not to be confused
with cancer treatment; as there are limited opportunities for mouse models to improve on
tertiary prevention, this is not a major focus of this review.

While in many respects this traditional framework has proven useful, in fact, such
framework may inadvertently detract from the broader goals of minimizing cancer deaths
and reducing the adverse consequences of cancer treatment. In reality, primary prevention —
which focuses on how cancers arise and how to prevent them from occurring in the first
place — may be exceedingly difficult to achieve in the short term. On the other hand,
secondary prevention — which focuses on effective early detection and finding ways to
discriminate lethal from non-lethal lesions at early stages — while still challenging, may be
more feasible in the near-term and, if realized, could have a significant impact on disease
outcome, while at the same time providing insights that will ultimate impact primary
prevention.

Another missing piece is the context in which cancers arise, meaning that even if it were
possible to precisely define the intricacies of the environmental, genetic, and epigenetic
factors that give rise to cancer, one would need to consider how these coalesce to influence
the emergence of specific cancer phenotypes in any given individual®, as well as in the
context of the characteristic “tumor heterogeneity” of human cancers?. Indeed, it is now
widely accepted that defining the context of individual patient tumors is likely to have a
significant impact on their effective treatment — a concept called “Precision Medicine”®".
The logical extension of this concept, namely Precision Prevention3, is now being
implemented for breast® 9, esophageall?, and oral cancer!l. This framework is intended to
convey the importance of considering not only whethervarious factors (may they be
carcinogens or dietary factors or hormones etc.) promote or reduce cancer incidence but also
how such factors are interpreted in context of the individual to elicit the wide range of cancer
phenotypes observed in the human population (Figure 1).
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Modeling cancer prevention in mice in the context of precision prevention

Implicit in this framework is the notion that #ow factors promote or reduce the incidence or
aggressiveness of cancer will be nuanced by individual contexts, which may be difficult to
decipher solely by studying cancer in the human population. In this regard, mouse models
can provide valuable resources for precision cancer prevention, since they enable both
longitudinal and molecular analyses of precancerous and cancerous lesions in defined
genetic contexts and in environmentally-controlled conditions, which would be exceedingly
difficult to accomplish solely by studying human cancer. However, the relevance of mouse
models for cancer prevention has often been called into question, despite the fact that much
of our current knowledge about carcinogens as cancer-causing agents has its origins in
analysis of mice (see below). Skepticism regarding the value of mouse models is particularly
evident for genetically-engineered mice (GEM) (Text box 1)12: 13 which now dominate
studies of cancer biology and cancer therapeutics, but are relatively underrepresented in
cancer prevention research.

So, why have mouse models not been fully integrated in cancer prevention? In our view, this
reflects actual disparities in their genetics and physiology relative to humans, as well as
perceived misconceptions regarding their suitability for prevention research. In particular,
because most mouse models are derived from inbred laboratory strains, they are not well
suited to inform on the genetic diversity of the human population (with the notable exception
of the diversity strains, discussed below). However, the fact that mice may not effectively
model ALL aspects of cancer prevention does not mean that they cannot model ANY
aspects of such research. For example, although dissimilarities in the physiology and
anatomy of mice relative to humans may hinder effective analyses of the toxicity or
pharmacodynamic/pharmacokinetic properties of chemopreventive agents, preclinical
studies using mouse models can reveal mechanisms of action of such agents, lead to
identification of biomarkers of response, and facilitate evaluation of combinations of agents
(see below). Furthermore, analyses of mouse models offer unique opportunities to
interrogate aspects of cancer prevention that are difficult to study in humans, such as
accessing pre-cancerous and/or early stage cancers with known progressive potential.

Indeed, if we consider the breadth of research encompassed by cancer prevention, it is
unlikely that any one model (or type of model) would be suitable to study all aspects of
cancer prevention, and it is not surprising that a “one size fits all” approach has not proven to
be informative. In fact, the term “mouse models” is often used as a “catch-all” phrase to
describe many types of models having a range of suitability for prevention research, the
consequence of which has been to undermine the merits of certain types models, while
failing to acknowledge the limitations of others. We believe that successful deployment of
mouse models will require consideration of the appropriateness of specific model(s) or types
of models for specific types of prevention research, and to capitalize on combining modeling
approaches for more refined and robust analyses (Figure 1).

Herein we discuss the features of mouse models that would make them suitable (or not) for
studying specific aspects of cancer prevention, with a focus on how mouse models can
advance precision cancer prevention. We describe what has been learned thus far about
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cancer prevention by studying mouse models, and consider how we can better capitalize on
these resources in the future. Rather than attempting to provide a comprehensive review, we
address these broad concepts by highlighting specific examples and refer the reader to
previous reviews that have addressed specific topics and/or cancer types in depth (e.g.,14-18).

What constitutes an informative mouse model of cancer prevention?

Although mice rarely develop tumors spontaneously, they can be induced to form tumors
following genetic or environmental manipulation, and are now the model of choice for
studying cancer /n vivo. The two broadest categories are autochthonous and non-
autochthonous models (Table 1). Autochthonous models, which are now dominated by
genetically-engineered mice (GEM)2- 13, develop tumors de novo in the context of the
native microenvironment, thereby enabling analysis of tumorigenesis in the natural milieu
(Text box 1). In contrast, the tumors in non-autochthonous models originate from
implantation of cells or tissues into heterologous mice. For example, the now-popular
patient-derived xenograft (PDX) models are derived from patient tumors that are
implanted into heterologous sites of immunodeficient host mice!®: 20, Since these features of
PDX models are unlikely to capture key events associated with tumor initiation and
progression (discussed in?L: 22), they may be more appropriate for studying cancer treatment
rather than cancer prevention. This exemplifies the important distinction between modeling
cancerand modeling cancer prevention, which is a recurring theme of this review.

Indeed, notwithstanding their significance for modeling cancer, in order for mouse models to
be relevant for cancer prevention, they should have certain “minimal” characteristics that
enable them to inform on early events in cancer initiation and progression (Text box 2).

First, tumors should arise de novo in the context of the native tumor microenvironment and
intact immune system. This includes most (if not all) autochthonous models, as well as some
non-germline GEM models23, but excludes most non-autochthonous models. Second, they
should model multistage cancer progression from premalignancy to overt tumorigenesis; this
common feature of most autochthonous models, including carcinogen and GEM models.

Third, cancer phenotypes should arise from genetic and/or environmental factors that have
known relevance for the human cancers they are intending to emulate, which are
characteristic of GEM and carcinogen models, respectively. For example, many GEM
models of prostate cancer are based on loss-of-function of Prer?4, which is prevalent in the
human disease. Similarly, treatment of mice with tobacco-related carcinogens leads to
bladder cancer, reminiscent of human bladder cancer for which a major risk factor is
smoking2®. Fourth, the histological and molecular properties of mouse tumors should
resemble their human counterparts as closely as possible. Notably, while it is often the case
that the histological features of mouse tumors may be dissimilar to human tumors, as is the
case for prostate cancer2, the molecular pathways that are dysregulated in mouse tumors
may be conserved with human cancer (e.g.,2").

Additional criteria that would be highly advantageous include having cancer phenotypes that
originate in relevant cell(s) of origin; however, in practice this can be complicated by
difficulties in the definitive identification of relevant cell(s) of origin, as well as difficulties
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in targeting gene recombination specifically in such cell(s)28. Lastly, to truly emulate human
cancer, mouse models should capture the genetic diversity that is characteristic of the human
population; however, this is by far the most challenging feature of human cancer to model in
mice, mainly because it is incompatible with laboratory mice being derived from inbred
strains (see below).

While the relative importance of these various criteria may be nuanced by the specific aspect
of prevention research being investigated, having well-defined criteria sets a high but
achievable bar to gauge the relevance of any given model, to recognize their advantages and
limitations, and to discover how limitations can be transformed into opportunities. For
example, while the challenges of modeling genetic heterogeneity in mouse models are
formidable, the relative homogeneity of cancer in mice relative to humans can provide an
opportunity to precisely define the influences of extrinsic factors in well-defined genetic
contexts. Moreover, inherent species differences can be a hindrance as well as a benefit. For
example, the relatively short life-span of mice compared with humans is problematic given
that one of the major risk factors of many human cancers is aging; however, their shorter
lifespan makes certain analyses far more feasible to study in mice compared with humans. In
other scenarios, species differences can be used creatively to “tease out” specific roles for
extrinsic or intrinsic influences for cancer. For example, inherent differences in the immune
system in mice represent a key challenge for their effective use?? particularly in light of the
importance of the immune system and the potential for immunotherapy for prevention and
treatment of human cancer3. However, these species differences may also provide a unique
opportunity to systematically evaluate the contribution of specific components of the
immune system for tumorigenesis in “humanized” mouse models3}: 32, Thus, in our view,
optimizing mouse models for precision cancer prevention will require acknowledgment of
and adherence to essential criteria as well as an appreciation of inherent species differences
that impact the implementation and interpretation of prevention studies; however, such
knowledge is also likely to uncover scenarios in which “limitations” or “species differences”
can actually provide unique opportunities for investigation.

Modeling population diversity in mice

As discussed above, one of the major criticisms of using mouse models for cancer
prevention is that they do not effectively model genetic diversity as is characteristic of
human cancer. Indeed, the evolution of the mouse as the model of choice for cancer research
has its origins in the pioneering work of Little and others, which led to the generation of
“inbred” mouse strains that enabled efficient engineering of their genome (33, and discussed
in34). However, the same genetic uniformity that has made mice tractable for genetic
manipulation, also contributes to their dissimilarity to humans, which are far from
genetically homogeneous.

The intention of modeling genetic diversity has led to the generation of the Collaborative
Cross (CC)5-39, This unique resource, which was 10 years in the making, represents a large
panel of recombinant inbred mouse lines (~150 lines) that were generated by intercrossing
eight common inbred strains to obtain a series of lines that, in aggregate, model a complex
outbred population with significant diversity%%. These unique features of the CC panel
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enable analysis of the complex genetic etiology of human disease, as well as interactions
between genetic and environmental factors. Notable examples include their use for studying
inherited resistance to viral pathogenesis*!, and the influence of the immune system for
cancer initiation and progression®2. Indeed, the CC'strains provide a unique opportunity for
cancer prevention since they can integrate population genetics with the influence of tumor
drivers and/or environmental exposures, as has been demonstrated for melanoma and
prostate cancer#3 44, For example, crossing a transgenic mouse model of lethal prostate
cancer into the eight founder strains of the CC revealed the modulation of tumor and
metastatic phenotypes in the specific strains*4; although not directly related to cancer
prevention, this example demonstrates the feasibility of modeling population diversity and
assessing the consequences of such diversity for tumorigenesis /n vivo.

However, the CC is not without its challenges, which include issues related to feasibility
(e.g., space, mouse costs, etc.) as well as implementation (e.g., genetic drift and loss of
genetic diversity). These challenges have been partially circumvented by the generation of
the Diversity Outbred (DO) population, a heterogeneous stock derived from the CC inbred
strains that maintains a similar level of diversity as the CC but with fewer challenges for
implementation#°. Notably, the recent analysis of benzene exposure in the DO strains led the
identification of associated genetic factors that influence response to such exposure®®.

So, how might these population diversity strains be used to bolster precision cancer
prevention? In the simplest scenario, the CC or DO strains can be treated with environmental
agents, such as carcinogens, dietary components, or hormones, to directly evaluate the
interaction between genetic heterogeneity and such factors for cancer incidence or
aggressiveness. Admittedly, the implementation of such studies is likely to be challenging,
considering the space and costs associated with housing the large cohorts of mice that would
be needed for meaningful analyses, as well as difficulties that are likely to be encountered in
identifying presumably subtle and rare phenotypic events. For the latter, improvements in
small animal imaging are likely to be beneficial for improving detection of subtle
phenotypic alterations*’.

Another application draws directly from the example of the prostate cancer model described
above®?; in particular, the diversity strains can be crossed with GEM models to investigate
the influence of genetic context for cancer incidence or aggressiveness. Such analyses are
relatively straightforward for dominant-acting alleles, since they entail crossing the diversity
strains with a given GEM model and directly analyzing the resulting F1 hybrids. However,
such analyses would be more far challenging for GEM models that are not dominantly-
acting, in which case it would not be feasible to study the F1 hybrids. We envision that the
implementation of CRISPR/Cas9 technology8: 49 will vastly improve the feasibility of
using the diversity alleles by making it feasible to introduce genetic alterations into the CC
or DO strains and then analyzing the mice directly. Thus, in our view, these diversity strains
combined with genetic technologies represent an unparalleled opportunity to evaluate the
interaction of genetic and environmental influences for tumorigenesis and thereby vastly
expand the repertoire of using mouse models for precision prevention research.
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Modeling environmental causes of cancer in mice

Modeling cancer in mice has its origins in carcinogen-induced models in which mice (or
other rodents) were treated with suspected agents resulting in tumor phenotypes®®. Dating
back to the early 1900’s in which aromatic hydrocarbons present in coal tar were shown to
produce cancer phenotypes when topically applied to mouse skin®2, the general approach of
evaluating the consequences of suspected carcinogens has had far-reaching implications for
cancer prevention. Analysis of carcinogen-treated mice has provided definitive evidence that
suspected agents are indeed cancer causing, which has contributed to recommendations for
limiting human exposure to such agents, while simultaneously generating mouse models
based on highly relevant environmental perturbations.

Systemic treatment of mice with nitrosamines, aromatic amines, asbestos or other agents has
resulted in cancers at many tissue sites, depending on the agent and the mode of delivery,
including stomach, kidney, bladder, breast, cervix, colon, skin, and lung”: 50-53, As
discussed above, one of the major risk factors for bladder cancer is smoking, and systemic
treatment of mice with carcinogens similar to those present in tobacco smoke (e.g., N-butyl-
N-4-hydroxybutyl nitrosamine (BBN)) results in mouse bladder tumors that resemble human
bladder cancer®3, Likewise, local treatment of skin with phorbol esters produces skin cancer
in miceSt 54: furthermore, analyses of mice demonstrated the significance of UV light for
skin cancer, which ultimately contributed to recommendations for limiting UV
exposure>>-58,

In a particularly compelling example, studies in mice provided direct evidence of the cancer-
causing properties of cigarette smoke and helped to identify the deleterious components in
tobacco®®-61, Ultimately, these studies contributed to the substantial campaign toward
smoking cessation and the reduction of exposure to tobacco smoke, which have had an
enormous impact on human health. Furthermore, studies in mice revealed that a major
carcinogen in tobacco, namely nicotine-derived nitrosamine ketone (also known as 4-
(methylnitro-samino)-1-(3-pyridyl)-1-butanone; NNK), leads to dysregulation of the
mTOR/AKkt targetable signaling pathway; this pathway is up-regulated by tobacco
carcinogens in GEM models as well as in humans that are heavy smokers®2-66. Notably,
these preclinical and mechanism-based studies have led to clinical trials aimed at evaluating
the consequences of inhibiting mTOR/AKT signaling for prevention of lung cancer in high-
risk individuals®®. This example emphasizes the value multi-disciplinary efforts, which
incorporate analyses of carcinogen-based and GEM models with validation to human cancer
to elucidate the consequences of suspected carcinogens, to define their underlying cancer-
promoting mechanisms, and to ultimately identify interventions for individuals at greatest
risk.

This example also highlights the value for precision cancer prevention of combining
carcinogen-based and GEM models, which have highly complementary attributes and
challenges (Table 1). Since by definition GEM models are derived from genetically-defined
alterations and they have relatively homogeneous tumor phenotypes compared with tumors
arising in carcinogen-based models. Conversely, carcinogen-based models are more likely to
capture the heterogeneity of human cancer and to acquire genomic alterations as is
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characteristic of human tumors (e.g.,67-59); this is exemplified in a recent study that
compared the mutational spectrum of carcinogen-based versus GEM maodels of lung
cancer’®, However, although the comparative heterogeneity of carcinogen models relative to
GEM models, in terms of incidence, latency, and tumor spectrum may be more reminiscent
of human tumors, these features also make it more challenging to utilize carcinogen models
as investigatory tools.

Thus, combining carcinogen-based and GEM modeling provides an opportunity to capitalize
on the significance of relevant environmental influences yet in the context of genetically-
defined tumor phenotypes. Indeed, there are numerous examples in which treatment of p53
mutant mice with cancer-promoting agents has been shown to exacerbate relevant cancer
phenotypes in liver (e.g.,, DMN)1, colon (e.g., AOM)"2, and bladder (e.g., BBN)"3: 74;
similarly, treatment of p27- or p22Z-mutant mice with relevant agents leads to their enhanced
susceptibility to skin cancer’®. Notably, although the general concept of combining
carcinogen-based and GEM models was introduced several decades ago, this approach has
not been widely incorporated in cancer prevention research. We envision that expansion of
such studies would have a tremendous impact on precision cancer prevention by facilitating
the discovery of how environmental factors promote tumorigenesis in defined genetic
contexts.

Modeling chemoprevention in mice

Mouse models have been widely used to evaluate the consequences of a wide variety of
synthetic and naturally-occurring chemopreventive agents in many types of cancers
(e.g., 14 16.18) Nevertheless, considering the expansive body of chemoprevention studies in
mice, the corresponding clinical impact for human cancer prevention has been relatively
modest. This contrasts with the relatively significant impact that preclinical investigations of
therapeutics in mice have had for treatment of human cancer?2 76.77_ In our view, the
comparative success of preclinical analyses of therapeutics reflects, at least in part, the use
of well-validated mouse models, the implementation of standardized criteria for optimal
study design and validation of experimental findings from mouse models to human cancer,
and input from teams of investigators with complementary expertise ranging from mouse
modelers to clinical investigators’8: 78, It would be highly beneficial to standardly
incorporate analogous criteria for chemoprevention studies in mouse models.

Indeed, in some cases the use of GEM models for chemoprevention has been opportunistic
rather than ideal. For example, one of the earliest and most widely utilized GEM models of
prostate cancer is the TRAMP model, which expresses SVA40 large T antigen in prostate’®.
While these mice develop pre-invasive lesions that progress to advanced disease, they
primarily model neuroendocrine cancer89, whereas most human prostate tumors are
adenocarcinomas. Nonetheless, because of its accessibility and relative simplicity, TRAMP
mice have been has been widely used for evaluating chemopreventive agents, such as COX-2
inhibitors (e.g.,81 82), as well as dietary and nutritional factors, such as lycopene83.
However, the limited relevance of their prostate cancer phenotype relative to human prostate
cancer raises concerns as to whether chemoprevention studies in TRAMP mice will
ultimately be informative for human cancer. Moreover, there are now numerous GEM
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models of prostate cancer that more closely model the human disease?4, including an
alternative transgenic model that are similarly accessible and relatively simple as the
TRAMP model; for example a transgenic model based on expression of c-Myc in the
prostate84 85 is now being employed for chemoprevention research86.

Nevertheless, the value of pursuing chemoprevention studies in mouse models is highlighted
by key “success stories” in which analyses of mice have provided important insights that
have impacted clinical practice for human cancer prevention and have provided significant
mechanistic insights. For example, mouse models based on loss-of-function of the
Adenomatous polyposis coli (Apc) gene, either as a consequence of carcinogen treatment or
via gene targeting, have provided valuable models of colon cancer that have enabled many
investigations of chemopreventive agents, including COX inhibitors’2. Furthermore, the
importance of targeting COX2 for cancer prevention was established using a gene targeting
approach in which COX2 was deleted in the context of Apc mutant mice, resulting in a
reduction in the number of small intestinal polyps®’. Accordingly, preclinical
chemoprevention studies using a COX2 inhibitor, celecoxib, were shown to protect against
intestinal polyps in Apc mutant mice’2. Subsequently, celecoxib was found to reduce the
number of tumors in patients with familial or sporadic adenomatous polypopsis®®: 89, which
led to its FDA approval. Although celecoxib was subsequently found to have potentially
harmful side effects?, these studies in mouse models provide the foundation for
understanding the mechanism of COX2 activity and for the human clinical trials, and also
provide the foundation for future studies to evaluate alternative COX2 inhibitors.

Other major “success stories” include the use of mouse models to study the consequences of
hormones and hormonal therapy for female and male hormone-driven tumors. In particular,
one of the major treatment paradigms for women at high risk for development or progression
of breast cancer is treatment with anti-estrogens, and studies in mice played a key role in
establishing current clinical practices. Analyses of mice were paramount in demonstrating
the consequences of altered estrogen signaling for breast cancer through direct assessment of
mice deficient for estrogen receptor, as well as preclinical assessment of the consequences of
anti-estrogens for breast cancer9-94, Additionally, studies in mice played an important role
in the development of hormone-driven contraceptives as well as establishing clinical
guidelines for hormone replacement therapy® 96, Analogously, studies in mice and other
rodents have had a significant impact on our understanding of the consequences of hormone
levels and hormone signaling for initiation and progression of prostate cancer®’: 9. In
summary, these success stories illustrate the value of conducting chemoprevention studies
using well-validated mouse models and optimally-designed preclinical studies, and
implemented by multidisciplinary investigatory teams.

Using mouse models to improve early detection

A key feature of virtually all cancer types is that detection at early disease stages, when
tumors are locally invasive, is associated with better outcomes as compared to diagnosis at
more advanced disease stages. Despite a great deal of progress in this area overall, some
cancers have eluded early detection and are typically first identified only at advanced stages.
This is exemplified for pancreatic cancer, which is rarely detected at early stages, primarily
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due to the lack of specific symptoms and rapid progression®; indeed, the median overall
survival is only six months90, Notably, there are few serum biomarkers for pancreatic
cancer currently available, and the primary one, CA19.9, has relatively poor sensitivity and
specificity0Z,

Pancreatic cancer is well represented by informative GEM models%2, which have been
employed for various aspects of cancer preventionl®, including the identification of potential
biomarkers for early detection. Notably, a recent study integrated human epidemiological
data with experimental studies in mouse models to reveal and mechanistically explain the
finding that elevated plasma levels of branched-chain amino acids (BCAAS) are associated
with increased risk for pancreatic cancer years prior to disease presentation193, This is a
promising application for the use of mouse models in conjunction with human studies to
identify new biomarkers for early detection and therefore secondary prevention.

More generally, analysis of GEM models may be informative for identification of
biomarkers for early detection because they enable longitudinal sampling of both tumors and
body fluids from the earliest stages of cancer initiation throughout the course of cancer
progression194 105 |ndeed, analyses of GEM models have led to identification of putative
biomarkers for early detection of ovarian19, colon107-109 and lung cancer!10, which are at
various stages of clinical validation. In particular, the use of mouse models of lung cancer to
identify biomarkers for early detection may be particularly advantageous, considering the
relatively poor survival of patients with lung cancer and the paucity of existing
biomarkers!11, Along these lines, profiling tumors and plasma from mouse models of lung
cancer has revealed protein signatures that reflect the biology of human lung cancer!19,
which can be evaluated in proposed clinical trials for early detection of lung cancer. While
these studies have promise for using mouse models for the identification of biomarkers and
improving the landscape for early cancer detection, it will be imperative for definitive
demonstrate of the translation of these findings from mouse models for improving early
detection of human cancer.

Using mouse models to discriminate indolent versus aggressive cancers

At the other end of the spectrum are cancers that are readily detected at early stages and in
dire need of having better means for determining whether premalignant or early cancerous
lesions pose any significant threat. For example, prostate cancer, which is now the most
commonly diagnosed cancer in American men, can readily detected at early stages by cancer
screening testing for prostate specific antigen (PSA). However, only a minority of such early
stage prostate cancers will progress to lethal tumors, and currently there is a lack of accurate
means of distinguishing the majority of indolent prostate cancers from the minority of
potentially lethal ones! 112; this has led to a considerable problem of over-diagnosis and
consequently to overtreatment. As a result, many men diagnosed with early stage prostate
cancer are now opting for “active surveillance”113, which refers to active monitoring for
disease progression rather than immediate treatment. While active surveillance is intended to
minimize overtreatment, the concern is that avoiding or delaying treatment may mean that
the opportunity for early treatment of more aggressive tumors will be missed. Thus, it would
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be beneficial to identify prognostic markers that distinguish indolent versus aggressive
prostate cancer at the earliest possible stages to prevent aggressive disease.

As noted above, prostate cancer is well represented by numerous mouse models that
represent the spectrum of disease phenotypes, including the earliest stages of cancer
initiation24, which have provided an excellent resource for identification of biomarker panels
associated with indolent or lethal prostate cancer2”- 114, The identification of robust
biomarkers of cancer initiation and progression has been facilitated by systems biology
analyses, including cross-species approaches to effectively integrate experimental data from
mouse models with human clinical data?”- 114, The resulting biomarkers are now being
evaluated in clinical studies to assess their prognostic accuracy and specificity for
monitoring men on active surveillance. We believe that the general approach of integrate
experimental data from mouse models to human cancer using cross-species systems biology
analyses will represents an important application of mouse models for precision cancer
prevention, and will ultimately improve the identification of biomarker panels for other
cancers that, similar to prostate, are in need of effective means of discriminating lethal and
non-lethal tumors at the earliest possible stages.

Conclusions and perspectives: Toward “ideal” mouse models for precision

cancer prevention

In summary, we foresee a considerable future for investigations of mouse models to advance
precision cancer prevention (Figure 2). However, in order for such investigations to have the
best chance of having a real impact on human cancer prevention, it will be necessary to
establish and adhere to essential criteria for using well-validated models, to have a precise
understanding of the advantages and limitations of specific types of models for distinct
experimental paradigms, and to optimize study designs that best simulate human clinical
studies. In our view, the minimal criteria for mouse models to be relevant for cancer
prevention include their ability to capture the de novo evolution of cancer as occurs in its
native context, that they progress from premalignancy to overt cancer, and that they capture
key biological and molecular features of the human cancers that they are intending to
emulate. While we recognize the challenges associated with modeling tumor heterogeneity
and genetic diversity in mice, we offer the suggestion that, in fact, the relative
“homogeneity” of tumors in mice compared with human tumors can be beneficial in certain
contexts, provided that these differences are recognized and accounted for. Furthermore, we
envision that combining distinct types of modeling approaches and capitalizing on new
technological advances will enable the generation of robust models that can be applied in
specific experimental circumstances. In essence, we propose that “precision mouse
modeling” will provide the best means of advancing precision cancer prevention.

So, how exactly can mouse models help us to advance a precision cancer prevention
framework that recognizes the importance of the individual context for how and when
cancers will arise, as well as whether they will progress to harmful tumors (Text box 3) ? In
our view, the greatest value of mouse models is their ability to provide detailed mechanistic
studies and longitudinal analyses /n vivo, which would be exceedingly challenging to pursue
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solely by studying human cancer. Such analyses can empower a breadth of investigations,
ranging from assessment of the influence of risk factors to the development of biomarker
panels for early detection and prognosis, including investigations of circulating tumor cells
and exosomes. These are promising opportunities for using mouse models to inform on
human cancer, particularly when combined with systems biology approaches to facilitate
cross-species analysis from mouse to man. Indeed, a common theme of most of the success
stories discussed in this review is the extrapolation of studies from mouse models to humans,
including the recent application of systems biology approaches to integrate experimental
data from mice to humans. Notably, as cancer prevention is now approaching the genomic
era, genome-wide sequencing efforts focused on early stage cancer are likely to be
increasingly important in future studies and complementary analyses of mouse models is
likely to play a significant role in their interpretation115,

In conclusion, we believe that mouse models have the potential to play a vital role in all
aspects of cancer prevention research, and their effective incorporation will undoubtedly be
essential in a modern framework that focuses on precision prevention. Thus, in our view, it is
time to move beyond wondering whether mouse models can provide insights for cancer
prevention, and towards discussions about of mouse models can be used effectively to
inform on prevention of human cancer.
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Primary prevention

Prevention of cancer occurrence and reducing the risk of cancer in the general population.
Includes identification of hazards that promote disease or increase the risk of disease and
reducing the exposures to such hazards

Secondary prevention

Reduction of the impact of cancer after it has occurred and controlling of cancer progression
or risk of progression. Includes early detection and early intervention as well as adopting
lifestyles to prevent progression or recurrence

Tertiary prevention
Reduction of the impact of cancer to ensure longer and better quality of life. Includes
chronic disease management, but excludes cancer treatment

Precision Medicine

Nat Rev Cancer. Author manuscript; available in PMC 2017 July 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Le Magnen et al.

Page 13

Customization of health care with medical decisions and practices tailored to the individual
patient

Precision Prevention
Prevention strategies that incorporate precision medicine approaches and consider an
individual’s unique risk profile

Autochthonous mouse model
Models in which tumors arise de novo in the whole organism, as exemplified by GEM
models

Non-autochthonous
Models in which tumors are engrafted into host organisms as exemplified by PDX models
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Text box 1: Genetically-engineered mouse (GEM) models of cancer

Mouse models of human cancer are now dominated by genetically-engineered mice
(GEM)12. 13, The earliest GEM models of cancer were the so-called “oncomice”, which
refer to transgenic mice expressing oncogenes usually in specific tissue compartments
giving rise to tumors in those tissues!3. The next-generation of GEM models were based
on germline deletion of tumor suppressor genes, so-called “knock-out” micel2 116,117,
such as p53and /B mutant mice, which established the potential for mice to develop
cancer following /oss-of-function (as opposed to gain of function) and provided /in vivo
evidence for the tumor suppressor functions of these respective genes!18-120, Among
their limitations, germline mice often do not recapitulate the cancer phenotype expected
based on their human counterpart, as exemplified by the absence of retinoblastoma in /B
mutant mice!18. Additionally, homozygous germline deletion of certain tumor
suppressors results in embryonic lethality, as exemplified by germline deletion of the
breast cancer susceptibility genes, BRCAI and BRCAZ, which impedes analysis of
breast cancer phenotypes in the corresponding mutant micel21.

Nowadays, most GEM models are based on conditional gene targeting wherein genes of
interest are inactivated (or activated) in a temporal and tissue-specific manner following
expression of Cre recombinase or alternative approaches'2. Conditional GEM models can
overcome inherent challenges associated with studying cancer phenotypes in germline
mutant mice, since they can circumvent embryonic lethality, and enable functional
investigations of individual or multiple genes in specific tissue contexts, as exemplified
by conditional loss-of-function of Brcal and Brca2 for breast cancerl?l 122 Moreover,
the further refinement of GEM models has been augmented by technological advances
for gene targeting and/or regulation of gene expression in precise spatial and temporal
contexts including: () the use of inducible Cre drivers123; (i) viral delivery of Cre-
recombinase into tissues'24; (jii) alternative approaches for gene recombination, such as
Flp-FRT recombinase!25; and (i) approaches for regulatable gene expression, such as
tetracycline-regulated alleles!23, Moreover, the generation of sophisticated GEM models
has been further advanced by: (7) the use of reporter alleles for in vivo imaging!26 and
lineage-marking /n vivo'27; (i) new approaches for rapid generation of multi-allelic
GEM models28: 129; and (/i) new strategies for rapid gene targeting using genome
editing?30,
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Text box 2: Criteria to assess the suitability of mouse models for cancer

prevention

Essential Criteria

Develop tumors de novoin the context of the native tissue environment and
intact immune system

Tumors arise from genetic and/or environmental factors that are relevant for
the human cancers they are intended to emulate

Model multistage progression including pre-malignant lesions that have the
potential to progress to invasive ones

Model early events in cancer initiation as well as progression to
adenocarcinoma

Tumor phenotypes should display histological and biological features in
common with their human counterpart

Should have related molecular pathways that are dysregulated and model key
molecular events that occur in the human cancers they are intended to emulate

Optimal Criteria

Cancer phenotype should be highly penetrant and arise with reasonable
latency

Tumors should originate in appropriate cells of origin
Tumors should display heterogeneity as occurs in human cancer

Mice should model genetic diversity as occurs in humans
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Text box 3: The path forward for mouse models for precision cancer
prevention

Key question: Mechanistic basis for genetic diversity influencing individualized cancer
phenotypes

Approach: Use the diversity mouse strains, potentially in combination with using
CRISPR technology to introduce genetic alterations

Challenges: Cost for implementation and challenges associated with analysis of
potentially subtle phenotypes

Key Question: Assessment of risk factors in defined genetic contexts

Approach: Use the diversity mouse strains, in combination with GEM models and/or
carcinogen-based models

Challenge: Cost for implementation and challenges in analyses

Key Question: Coalescing of environmental and genetic events for cancer initiation and
progression

Approach: Combination of GEM models, DO, and carcinogen models
Challenge: Cost for implementation and challenges in analyses

Key Question: Genomic alterations in early stage cancers

Approach: Combination of GEM and carcinogen models

Challenge: GEM models may not capture the genomic changes that occur in human
disease

Key Question: Evaluating the interaction of discrete genetic events for tumor evolution
and tumor heterogeneity

Approach: Use CRISPR/Cas9 technologies in GEM or other types of models to
introduce genetic events

Challenge: Still a relatively novel technology that is in development

Key Question: Elucidating cells of origin for tumor subtypes and relationship to tumor
heterogeneity

Approach: GEM models that incorporate lineage tracing

Challenge: Difficult to identify cells of origin and to specifically target them for
recombination

Key Question: Advancement of circulating tumor cells (CTCs) and tumor DNA as early
prognosis markers

Approach: Longitudinal and molecular analyses of GEM models that incorporate
lineage tracing

Challenge: Rare cell populations may be difficult to isolate and study
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Key Question: Investigation of exosomes as diagnostic tools
Approach: Longitudinal and molecular analyses of GEM models

Challenge: Exosome levels maybe be low; need to adapt methods for mice
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epithelium P carcinoma carcinoma
(latent) (clinical)

Primary Prevention Secondary Prevention Tertiary Prevention
Preventing cancer occurrence Preventing cancer progression Managing chronic disease

Precision Prevention
Cancer as a continum of external and internal influences impinging on individual contexts

Hereditary Risk factors

Environmental Risk Factors (e.g., diet, carcinogens)
Intrinsic mechanisms (e.g., cell of origin)
Hormonal influences

Influences

Nutritional interventions
Chemoprevention
Hormonal interventions
Excercise

Biomarkers for early detection

Strategies

Prognostic biomarkers

Diversity alleles
Diversity alleles combined with GEMs
Carcinogen models
Carcinogen models combined with GEM models

GEM models
GEM models combined with carcinogen models
GEM models combined with diversity models

Mouse models

Figure 1. New paradigms for cancer prevention using mouse models
Comparison of traditional cancer prevention and precision prevention paradigms. Shown are

representative influences for cancer occurrence or progression, compared with known
interventions, and potential applications of mouse models.
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Influences

Mode of action.¢ ironmental factors

Relevance of ontext for disease genetic traits

Identification-of biomarker panels s for clinical prevention

Strategies

Figure 2. Applications for mouse models for precision cancer prevention
Examples of how studies in mouse models can augment human cancer prevention.
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Mouse models of cancer and applications for precision cancer prevention

Page 25

genetic diversity
for modulating
response to
environmental
factors
(carcinogens,
dietary factors,
hormones, etc.)

Can be
combined with
GEM models to
evaluate the
consequences of
diversity for
modulating
tumorigenesis in
the context of
specific cancer
initiating events

Model types Description Applications Limitations/Challenges
Non-autochthonous models
. Non-germline GEM models . Implantation . Limited Generally, do not
of tumors/ applicability for do not develop
cells from cancer tumors de novo
GEMS into prevention i i
mouse hosts because they With the exception
) lack requisite of orthotopic
. Possible to criteria for models, tumors do
derive in modeling not arise in the
syngeneic prevention context of the
hosts native
microenvironment.
. Orthotopic engraftment models . Tumors or _Unless impla_nted
cells (mouse into syngeneic
. or human) hosts, tumors arise
engrafted into in mouse hosts
the native lacking intact
tissue site of immune systems
the mouse
hosts (e.g.,
prostate,
breast,
bladder)
. Xenograft models . Human
i i tumors/cells
. Patient-derived xenograft or patient
(PDX) models tumors (PDX)
implanted
into mouse
hosts
Autochthonous models
Population diversity strains . Recombinant . Ideal for Requires a
. inbred strains evaluating the considerable
. Collaborative Cross (CC) that model the role of genetic investment to
. P genetic context for establish the
Diversity Outbred (DO) diversity as tumorigenesis relevant strains
occurs in the
human . Test the Phenotypes may
population consequences of be subtle and

therefore require
large cohort sizes
for meaningful
analyses

Considerable
investment to
generate
compound strains,
particularly for
alleles that are not
dominant

Potential for
genetic drift
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Model types Description Applications Limitations/Challenges
Carcinogen-induced models . Treatment of . Establish . Temporal and
mice with whether phenotypic
* Lung carcinogens, suspected agents heterogeneity of
. Skin resulting in are cancer- cancer phenotypes
cancer causing can make analyses
. phenotypes and interpretations
Colon ) . Test the challenging
. Bladder . Tumors arise consequences of
asa reducing
consequence exposure of
of environmental
environmental stimuli for
stimuli that incidence of
relevant for cancer
human cancer
. Analyses of
. Can capture genomic
heterogeneity alterations for
of tumor comparison with
phenotypes as human cancer
is
characteristic . Canbe
of human combined with
cancer GEM models to
evaluate the
. More likely to consequences of
capture the carcinogen
genomic treatment for
spectrum of tumorigenesis in
alterations the context of
that occur in defined initiating
human cancer events
GEM models . Include a . Investigate . Concerns about
. range of cancer the relevance of
* Transgenic models/model mechanisms in relatively
. . oy . types with genetically- homogeneous
Germline loss-of-function varying defined and tumor phenotypes
. Conditional mouse models degrees of environmentally- for modeling
complexity controlled human cancer
. Inducible/regulatable and varying contexts prevention

relevance for
human cancer
prevention

Often based
on genetic
alterations
that are
relevant for
the human
cancers they
are intended
to emulate

Often have
predictable
latency and
penetrance,
which
improves
feasibility of
their analysis

Phenotypes
tend to be less
heterogeneous
than
carcinogen
models

New
technological
advances have

Investigate pre-
invasive lesions
with potential to
progress to
aggressive
lesions

Evaluate
chemopreventive
agents in
preclinical
studies

Biomarkers for
early detection
or prognosis

Systems
approaches for
Cross-species
analyses to
inform on
human cancer

Can be
combined with
carcinogen-
based or
population
diversity models
to evaluate their
respective
consequences
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Model types

Description

Applications

Limitations/Challenges

improved
ability to
generate
complex
cancer models
with multiple
alleles more
readily and
more rapidly

for
tumorigenesis in
defined contexts
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