This is a free sample of content from Mouse Models of Cancer: A Laboratory Manual
Click here for more information or to buy the book.

CHAPTER

1

Transgenic Mouse Models—A Seminal Breakthrough
in Oncogene Research
Harvey W. Smith and William J. Muller1
Department of Biochemistry and Goodman Cancer Research Center, McGill University, Montreal, Quebec
H3A 1A3, Canada

Transgenic mouse models are an integral part of modern cancer research, providing a versatile and
powerful means of studying tumor initiation and progression, metastasis, and therapy. The present
repertoire of these models is very diverse, with a wide range of strategies used to induce tumorigenesis
by expressing dominant-acting oncogenes or disrupting the function of tumor-suppressor genes, often
in a highly tissue-speciﬁc manner. Much of the current technology used in the creation and characterization of transgenic mouse models of cancer will be discussed in depth elsewhere. However, to gain
a complete appreciation and understanding of these complex models, it is important to review the
history of the ﬁeld. Transgenic mouse models of cancer evolved as a new and, compared with the early
cell-culture-based techniques, more physiologically relevant approach for studying the properties and
transforming capacities of oncogenes. Here, we will describe early transgenic mouse models of cancer
based on tissue-speciﬁc expression of oncogenes and discuss their impact on the development of this
still rapidly growing ﬁeld.

INTRODUCTION

During the 1970s and 1980s, major advances in the ﬁelds of molecular biology and molecular genetics
resulted in new technologies that facilitated transgenesis in the laboratory mouse. This was also an era
when the molecular events underlying tumorigenesis began to be characterized, with much effort
focused on identifying oncogenes and understanding their functions (Duesberg and Vogt 1970;
Martin 1970; Stehelin et al. 1976). At this time, in vivo studies of tumorigenesis using the mouse as
a model organism relied primarily on xenograft models and environmental carcinogens such as
chemicals, tumor viruses, or radiation. However, the xenograft approach, although useful for studying
the capacity of oncogene-transformed cells to grow in an in vivo environment, suffers from many
drawbacks. For example, owing to the nature of many xenograft models, tumors do not form within
their proper tissue and immune microenvironment. Furthermore, xenografted tumors do not reproduce the processes of neoplastic progression from an initially normal cell through multiple premalignant stages to yield a tumor (Becher and Holland 2006; Frese and Tuveson 2007). Environmental
carcinogenesis models have proven to be very useful for identifying tumor-initiating and tumorpromoting events and for studying the role of environmental factors in the development of cancer
(Hirst and Balmain 2004). However, these models are not sufﬁciently experimentally tractable to allow
the study of deﬁned oncogenes in speciﬁc cell types.
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Because the advent of transgenic mouse models occurred in the context of rapidly intensifying
interest and expanding knowledge of both viral and cellular oncogenes, it is not surprising that a
number of groups began to explore the possibility of combining these two areas of research. Transgenic mice presented an opportunity to test whether proposed oncogenes could cause cancer when
expressed by normal cells in their proper context within a mammalian model organism. Some proof
of principle for this concept was provided by the 1974 study of Rudolph Jaenisch and Beatrice Mintz,
where DNA harboring viral oncogenes (known as T-antigens) from simian virus 40 (SV40), a polyomavirus known to cause oncogenic transformation in cell culture and in some animal models (Sweet
and Hilleman 1960; Kirschstein and Gerber 1962; Dulbecco 1964), was microinjected into the blastocoel (ﬂuid-ﬁlled central cavity) of mouse embryos (Jaenisch and Mintz 1974). The resulting mice
did not develop tumors, but viral DNA was detectable in many of their tissues—their signiﬁcance is
that they are considered to be the ﬁrst transgenic mice. However, these mice did not transmit the SV40
DNA to their offspring. Following these experiments with SV40, Jaenisch was able to demonstrate
successful germline transmission of Moloney murine leukemia virus DNA upon viral infection of
mouse embryos. Inheritance of the viral genome led to leukemogenesis in successive generations of
transgenic mice, which was associated with the production of functional virus and detectable viremia
in these mice (Jaenisch 1976).
While these early studies did not lead to the establishment of widely used transgenic mouse models
of cancer, they proved that it was possible to introduce exogenous oncogenes into the mouse germline
and inspired the development of a new generation of models. Although a detailed technical discussion
is beyond the scope of this chapter, it is important to note that the development of technology for
pronuclear microinjection of DNA into mouse zygotes by several laboratories in the early 1980s was
an essential breakthrough for this nascent ﬁeld of research (Gordon et al. 1980; Brinster et al. 1981;
Gordon and Ruddle 1981; Wagner et al. 1981). This technique allows virtually any DNA sequence to
be introduced into the mouse germline, with a relatively high success rate. Typically, multiple copies of
the microinjected DNA integrate into the mouse genome as concatamers at a single random site
before embryonic cleavage (Brinster et al. 1981; Gordon and Ruddle 1985). Although multiple
integration sites are sometimes observed, their frequency is reduced compared with that of earlier
methods. Although it still presented a substantial technical challenge, pronuclear microinjection
greatly simpliﬁed the establishment of new lines of transgenic mice (see Fig. 1 for a time line).
More recently, these microinjection techniques have been applied to very large DNA constructs,
including bacterial artiﬁcial chromosomes (BACs) (Yang et al. 1997; Sparwasser et al. 2004) and
yeast artiﬁcial chromosomes (YACs) (Schedl et al. 1993), which can contain several hundred kilobases
of DNA. A major advantage of this approach is the potential for the inclusion of most or all endogenous regulatory sequences within the transgenic construct. This is thought to largely preclude hostgenome positional effects that can contribute to lack of tissue-speciﬁc gene expression, which are
described further below.
EARLY TRANSGENIC MOUSE MODELS OF CANCER: BRAIN TUMORS INDUCED
BY SV40 LARGE T-ANTIGEN

Among the pioneers of pronuclear microinjection were Ralph Brinster and Richard Palmiter, who
used this technique to generate transgenic mice expressing herpes simplex virus thymidine kinase
(HSV-TK) (Brinster et al. 1981) or human growth hormone (SOMA/somatotropin, encoded by the
GH1 gene) (Palmiter et al. 1982), under the transcriptional control of the metallothionein-1 (Mt-1)
promoter. To increase the expression of these transgenes, Brinster and Palmiter created new constructs incorporating the SV40 early region, which contains a powerful transcriptional enhancer.
These composite transgenes were known as SV-MK (with the HSV-TK gene) and SV-MGH (with
the GH gene). However, the added viral DNA also encoded the SV40 T-antigens (Black et al. 1963),
which at that time were thought to be unable to cause transformation in mice (Brinster et al. 1984;
Hanahan et al. 2007), although they were known to transform cultured mouse cells (Tegtmeyer et al.
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FIGURE 1. A time line illustrating the early decades of development of transgenic mouse models of cancer. For
clarity, we have focused on a selection of transgenic models that had a large impact on this area of research. As the
development of transgenic mouse models was closely linked with the discovery and characterization of oncogenes,
we have included some key events in the study of tumor virology and oncogenes that were vital for the establishment and growth of the field. We also indicate some of the notable early discoveries facilitated by the use of
oncogene-driven transgenic models. Original papers describing the work indicated here are referred to in the
main text.

1975; Sleigh et al. 1978). Strikingly, the resulting transgenic mouse strains developed tumors originating from the choroid plexus epithelium of the ventricles of the brain, which showed complete
penetrance (Brinster et al. 1984). Further analysis using transgenic mice expressing versions of the
constructs lacking particular regions revealed that these tumors were dependent on the function of the
SV40 enhancer and the large T-antigen, requiring neither the HSV-TK or GH transgenes nor the small
T-antigen (Palmiter et al. 1985).
Through their demonstration that SV40 T-antigens could indeed be oncogenic in mice, Brinster
and Palmiter established one of the ﬁrst transgenic mouse models of cancer. Although this model was
not intentionally designed to limit oncogene expression to a particular cell or tissue type, the brain
tumor phenotype of mice expressing SV-MK and SV-MGH transgenes reﬂects a degree of tissue
speciﬁcity. However, it is clear that the spectrum of tumors that can arise in models such as these
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is extremely difﬁcult to predict. Targeted expression of oncogenes in speciﬁc cell or tissue types is a
more accurate way of modeling many human cancers, which occur through mutation or overexpression of oncogenes in a very speciﬁc cellular context rather than throughout the organism. Achieving
rationally targeted expression of oncogenes in deﬁned cell types was an early goal for the ﬁeld of
transgenic mouse models of cancer. Notably, the same strategies used to express oncogenes in speciﬁc
murine tissues have also been used to ablate the function of tumor-suppressor genes in a tissuespeciﬁc fashion. For example, the use of tissue-speciﬁc promoters has been combined with conditional gene targeting technologies, such as the Cre–LoxP system, for this purpose. These types of
models are described in detail elsewhere.
TRANSGENIC MOUSE MODELS OF BREAST CANCER: THE MMTV PARADIGM

One strategy for achieving tissue-speciﬁc control of oncogene expression involved exploiting the
natural tropism of tumor-inducing viruses known to cause speciﬁc types of cancer reproducibly
in mice. An important example of such a virus is the mouse mammary tumor virus (MMTV), a
retrovirus that had been identiﬁed as the “milk agent,” passed from mother to pup, responsible for
causing mammary tumors in susceptible strains of inbred mice (Jackson and Little 1933; Cardiff and
Kenney 2007). Decades of study of MMTV had led to the discovery that the virus harbors a regulatory
DNA sequence, the long terminal repeat (LTR), that promotes steroid-hormone-inducible transcription (Ringold et al. 1975; Yamamoto et al. 1981, 1983). Insertion of the MMTV provirus into the
murine genome adjacent to a proto-oncogene confers overexpression in mammary epithelial cells
responding to hormonal stimulation during pregnancy and lactation, leading to mammary tumors in
MMTV-infected female mice (Nusse and Varmus 1982; Nusse et al. 1984; Sonnenberg et al. 1987).
Using the integrated provirus as a “tag,” the characterization of MMTV insertion sites led to the
discovery of novel oncogenes, most notably at the major integration sites Int1 (corresponding to the
Wnt1 gene) (Nusse et al. 1984), Int2 (corresponding to the ﬁbroblast growth factor Fgf3/Int2 gene)
(Dickson et al. 1984), and Int3 (corresponding to the Notch gene) (Jhappan et al. 1992). However, the
tissue speciﬁcity of MMTV-driven tumorigenesis, the hormone-inducible nature of oncogene expression in these tumors, and the characterization of the transcriptional enhancer responsible for this also
presented a great opportunity for the design of novel transgenic mouse models of cancer.
Recognizing the potential utility of the MMTV-LTR for the study of breast cancer, Phil Leder
sought to exploit this viral enhancer to create the ﬁrst transgenic mouse models of this disease. It
had already been shown by this time that hormone-induced oncogene expression could occur in
cultured cells after the introduction of an MMTV-H-Ras vector (Huang et al. 1981). Leder and
Timothy Stewart, a postdoctoral fellow in his laboratory, subsequently used pronuclear microinjection to generate transgenic mice expressing the oncogene Myc under the control of the MMTV-LTR.
Careful analysis of these MMTV–Myc mice demonstrated the development of Myc-driven mammary
tumors in female mice from two of the founder lines following the stimulation of expression from the
MMTV-LTR by multiple rounds of pregnancy and lactation (Stewart et al. 1984). This was another
deﬁning moment in the history of transgenic mouse models of cancer as well as in breast cancer
research. A subsequent study from the Leder laboratory described an MMTV-H-Ras model, which
helped one to establish the in vivo transforming capacity of activated Ras in mammalian tissues (Sinn
et al. 1987). In this study, the MMTV–Myc and MMTV-Ras mice were crossed, with a resulting
acceleration in tumorigenesis that demonstrated oncogene cooperation for the ﬁrst time in vivo (Sinn
et al. 1987). In a remarkable convergence of MMTV virology and molecular oncology with the new
transgenic technology, the laboratory of Harold Varmus published the MMTV-Int1 (now known as
MMTV-Wnt1) model in 1988, validating this proviral insertion site as a genuine proto-oncogene that
could induce mammary tumors (Tsukamoto et al. 1988). At the same time, the MMTV-LTR was used
to demonstrate the capability of the receptor tyrosine-protein kinase ErbB2, an oncogene ampliﬁed
and overexpressed in 20% of human breast cancers (Slamon et al. 1987), to transform the mouse
mammary epithelium (Muller et al. 1988). Transgenic mouse models of ErbB2-driven breast cancer,
20
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which have increased over the years in their complexity and their ability to accurately model the
human disease, have proved to be invaluable for mechanistic studies of mammary gland transformation by this important oncogene and therapeutic target (Ursini-Siegel et al. 2007).
Many of the early MMTV-based mouse models of breast cancer are still in use today, and the
MMTV-LTR remains an important tool for the in vivo validation of candidate breast cancer oncogenes. Additionally, subsequent work from several laboratories has resulted in the characterization of
endogenous murine mammary-epithelial-speciﬁc promoters that have been used to create transgenic
mice. One such promoter is that of the whey acidic protein (Wap) gene (Campbell et al. 1984).
Interestingly, expression of oncogenic H-Ras from this hormone-dependent promoter results in a
mild phenotype, with alveolar hyperplasias that, in contrast to the MMTV-driven Ras model (Sinn
et al. 1987), infrequently progress to adenocarcinoma (Andres et al. 1987). Although Wap-promoted
Myc expression leads to nearly complete penetrance of mammary tumors following multiple rounds
of pregnancy and lactation, these tumors are morphologically and phenotypically very distinct from
MMTV–Myc tumors (Schoenenberger et al. 1988). The distinct phenotypes observed in these models
may be due to differences in the subpopulations of mammary epithelial cells that express MMTVLTR- and WAP-driven transgenes, resulting in different cells of origin for these tumors (Robinson
et al. 1995; Gallahan et al. 1996; Wagner et al. 1997).
TISSUE SPECIFICITY OF ONCOGENE EXPRESSION AND TRANSFORMATION
USING VIRAL PROMOTER/ENHANCER-DRIVEN ONCOGENES

Although it is a useful tool for engineering transgenic mice with mammary epithelial-targeted
oncogene expression, there is considerable evidence that transcription driven by the MMTV-LTR
is not absolutely tissue-speciﬁc (Stewart et al. 1984; Choi et al. 1987; Sinn et al. 1987; Wagner et al.
2001). It is also important to note that the random nature of transgene integration following pronuclear injection is a very important factor in determining the tissue speciﬁcity of gene expression.
Multiple transgenic lines derived using the same DNA construct often exhibit varying degrees of
tissue-speciﬁc expression, indicating a strong positional effect of the transgene integration site
(Stewart et al. 1984; Sinn et al. 1987; Wagner et al. 1997). For these reasons, many transgenic lines
containing MMTV-LTR-driven oncogenes exhibit transgene expression and tumorigenesis in several
tissues. For example, in addition to mammary tumors, one of the MMTV–Myc founder lines
developed Myc-driven testicular and hematopoietic tumors (Leder et al. 1986), whereas MMTVRas mice developed salivary gland, Harderian gland (a type of accessory lacrimal gland not found in
humans), and lymphoid tumors (Sinn et al. 1987). Although this issue must be considered when
designing and characterizing transgenic mouse models, it is also highly illustrative of the limitations
on the spectrum of tissues that can be transformed by a given oncogene. In many studies using viral
promoter or enhancer elements, the oncogenes are expressed to similar levels in multiple tissues,
whereas the tumors typically develop in only a subset of these tissues. The SV-MK/SV-MGH models
described above express SV40 large T-antigen in the thymus and kidney in addition to the choroid
plexus. However, tumorigenesis in these tissues is exceedingly rare (Brinster et al. 1984). In another
example, a hybrid construct containing a sequence from the FBJ murine sarcoma virus was used in
the laboratory of Erwin Wagner to target expression of the Fos oncogene to mesenchymal cells of
transgenic mice. Although this transgene was widely expressed, the mice developed only osteosarcomas (Ruther et al. 1989). In the laboratory of Douglas Hanahan, transgenic mice expressing the
middle T-antigen of murine polyomavirus (PyVmT) (Gross 1953; Habel 1965) under the control of
polyomavirus early-region regulatory sequences were found to develop exclusively endothelial cell
tumors (hemangiomas), suggesting that these cells are particularly sensitive to transformation by
PyVmT (Bautch et al. 1987). However, later studies using more-tissue-speciﬁc strategies have revealed
that PyVmT is indeed capable of inducing tumorigenesis in several other organs (Tehranian et al. 1996;
Cecena et al. 2006). The most notable example used the MMTV-LTR to express PyVmT in the
mammary epithelium, leading to rapid development of highly metastatic mammary tumors (Guy
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et al. 1992). This has become a very important model for the study of mammary tumor progression and
metastasis (Maglione et al. 2001; Fluck and Schaffhausen 2009).
MODELING BURKITT’S LYMPHOMA IN TRANSGENIC MICE: THE Eμ–Myc MODEL

While the ﬁrst MMTV-driven transgenic mouse models of cancer were being developed, other groups
used transgenic mice to study the tissue speciﬁcity of transcriptional regulatory elements. These experiments initially were focused on elucidating transcriptional mechanisms controlling normal mammalian differentiation and development. Introducing transgenes under the control of a purported
tissue-speciﬁc promoter and assaying gene expression in multiple tissues allowed thorough and rigorous testing of the tissue speciﬁcity of gene expression. Numerous tissue-speciﬁc promoters were
successfully identiﬁed and studied using this approach in the early 1980s (Palmiter and Brinster 1985).
At the same time, knowledge of the genetic events leading to the overexpression of oncogenes in certain
tumors was growing rapidly. Many of these studies converged on recurring rearrangements of the MYC
oncogene in human B-cell lymphomas and its orthologs in animal models of this disease. For example,
in avian B-cell lymphomas induced by the avian leukosis virus, proviral insertion adjacent to the c-myc
proto-oncogene was found to cause Myc overexpression owing to the activity of the viral enhancer
(Hayward et al. 1981). Strikingly, studies of human Burkitt’s lymphoma identiﬁed the crucial oncogenic event in this disease as a chromosomal translocation placing MYC within or adjacent to one of the
immunoglobulin heavy chain genes (Dalla-Favera et al. 1982; Taub et al. 1982). Alterations in regulatory sequences within the translocated MYC gene and the activity of speciﬁc transcriptional enhancers
within the immunoglobulin locus then cause Myc overexpression and tumorigenesis within the B-cell
lineage (Hayday et al. 1984; Wiman et al. 1984; Polack et al. 1993; Madisen and Groudine 1994). Murine
plasmacytomas were also found to harbor similar chromosomal rearrangements, including a translocation that placed c-myc in close proximity to the immunoglobulin heavy chain enhancer known as Eμ
(Taub et al. 1982; Adams et al. 1983; Corcoran et al. 1985). At around the same time, studies using
transgenic mice demonstrated that transgene expression could be targeted to lymphoid cells by using
constructs containing immunoglobulin enhancers (Grosschedl et al. 1984; Storb et al. 1984).
Together, these discoveries led to the development of a transgenic mouse model of B-cell lymphoma. Once the nature of the Burkitt’s lymphoma chromosomal rearrangements was known,
Palmiter and Brinster initiated a collaboration with Jerry Adams and Suzanne Cory to model this
disease by making transgenic mice expressing a construct that recapitulated the Eμ–Myc fusion
(Adams et al. 1985). These mice developed B- and pre-B-cell lymphomas at a very high frequency
owing to the stimulation of c-Myc expression in these cells (Adams et al. 1985). Many aspects of the
lymphomas that developed in these transgenic mice were found to model various features of the
human disease, including progression through a distinct premalignant phase (Langdon et al. 1986).
The impact of the Eμ–Myc model on cancer research has been considerable. Along with SV40 Tantigen-based models, these mice were important in early studies on the roles of tumor-suppressor
pathways during transformation in vivo (Chen et al. 1992; Eischen et al. 1999; Schmitt et al. 1999). By
using insertional mutagenesis screens based on provirus tagging approaches, several genes with
relevance to human cancer and normal developmental processes have been discovered by means of
the Eμ–Myc model (Haupt et al. 1991; van Lohuizen et al. 1991). More recently, Eμ–Myc mice have
been combined with in vivo RNA interference technology as a means of conducting forward-genetic
screens in transgenic mouse models, culminating in a large-scale screening experiment that identiﬁed
novel therapeutic targets (Zuber et al. 2011).
TISSUE-SPECIFIC ONCOGENE EXPRESSION IN THE MURINE PANCREAS: RIP-TAG
AND ELASTASE-PROMOTER-DRIVEN MODELS

As studies of tissue-speciﬁc gene expression in the mouse continued to progress, several groups
focused on promoters thought to confer highly speciﬁc expression within cells of the pancreas.
22
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In vitro experiments using DNA constructs with rat and human insulin gene promoters demonstrated
high levels of expression in cells derived from endocrine pancreatic tumors (Walker et al. 1983). A
seminal study in 1985 by Douglas Hanahan aimed to test the in vivo tissue speciﬁcity of the rat insulinII promoter while also examining the effect of expressing an oncogene in the targeted cells (Hanahan
1985). Transgenic mice were created using constructs containing SV40 T-antigens under the control
of the rat insulin-II promoter in forward and reverse conﬁgurations, known as RIP-Tag and RIR-Tag,
respectively. These mice all died prematurely, with clear abnormalities of the pancreas but no other
obvious pathology (Hanahan 1985). Further pathological analysis conﬁrmed the presence of hyperplasia and solid tumors within the pancreatic islets of Langerhans, which was associated with the
expression of SV40 large T-antigen speciﬁcally in the pancreatic β-cells of these mice (Hanahan 1985).
The main transgenic mouse line propagated from this initial study, known as RIP1-Tag2, has
become well established as a model of pancreatic neuroendocrine tumors originating from β-cells.
Among the many discoveries made using this model, one of the most important was the role of
the angiogenic switch in tumor progression. It was obvious from the original study that RIP1-Tag2
tumors exhibited a multi-stage progression, as SV40 large T-antigen expression could be seen in
histologically normal β-cells, hyperplastic islets and fully developed carcinomas (Hanahan 1985).
Other important initial observations were that only a small fraction of the hyperproliferative islets
seen in RIP1-Tag2 mice were capable of forming carcinomas and that these late-stage solid tumors were
highly vascularized. Through the work of Hanahan and Judah Folkman, tumor progression was
correlated with the ability to recruit new vasculature, and the pro-angiogenic nature of a minority
of RIP1-Tag2 pancreatic lesions was further conﬁrmed in a series of in vitro co-culture assays with
endothelial cells (Folkman et al. 1989). The idea that the activation of angiogenesis was an essential,
rate-limiting step in neoplastic progression has been validated in a number of other models (Bergers
and Benjamin 2003). These ﬁndings contributed greatly to a large expansion in angiogenesis research,
with an ongoing interest in antiangiogenic strategies for cancer therapy (Ferrara and Kerbel 2005).
While Hanahan was developing his model of pancreatic islet tumorigenesis, Palmiter and Brinster
focused on the exocrine pancreas, a tissue known to express relatively few mRNAs, many of which
were thought to be highly cell-type-speciﬁc (MacDonald et al. 1986). Using a series of transgenic mice
with rat elastase or human growth hormone genes under the control of the rat elastase-I promoter,
they demonstrated very speciﬁc transgene expression in mouse pancreatic acinar cells, with levels of
mRNA expression at least 10,000-fold higher than that of other tissues examined (Swift et al. 1984;
Ornitz et al. 1985; MacDonald et al. 1986). This provided proof of principle for the establishment of
transgenic mice expressing oncogenes under the control of this promoter. Such models expressing the
SV40 large T-antigen or an oncogenic mutant of H-Ras developed highly penetrant pancreatic tumors,
whereas expression of Myc had no discernible effect (Ornitz et al. 1987; Quaife et al. 1987). The
resulting tumors were acinar in nature, reﬂecting the highly cell-speciﬁc activity of the elastase-I
promoter. By helping to establish that Ras oncogenes could transform cells of the exocrine pancreas
in vivo, the elastase-Ras model foreshadowed later developments in pancreatic cancer modeling. More
recent studies have used tissue-speciﬁc expression of clinically relevant mutants of the Kras oncogene
to create several elegant models of pancreatic ductal and acinar adenocarcinomas and their precursor
lesions, exploiting a variety of promoters speciﬁc for various cellular compartments of the exocrine
pancreas, including Pdx1, p48, and Mist-1 (Aguirre et al. 2003; Hingorani et al. 2003, 2005; Tuveson
et al. 2006).
CONCLUSIONS AND PERSPECTIVES

Here, we have attempted to present an overview of early transgenic mouse models of cancer based on
tissue-speciﬁc expression of oncogenes. The original methodology for the generation of transgenic
mice remains valid and still widely used. However, the strategies used to design transgenic mouse
models have evolved greatly since the generation of these ﬁrst models. Modern transgenic constructs
have become increasingly sophisticated to reﬂect expanding knowledge of gene regulation and the
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processes underlying tumorigenesis. For example, although it has not yet been extensively applied to
the study of oncogenes in vivo, BAC transgenesis has been used recently to overexpress the tumor
suppressor PTEN (phosphatase and tensin homolog) in mice (Garcia-Cao et al. 2012). The early
transgenic mouse models of cancer described here are the foundation upon which this ﬁeld was built
and have proved to be instrumental in the in vivo validation of candidate oncogenes and the elucidation of their mechanisms of action. While some of the transgenic models discussed here are now
largely historical, many of them continue to serve as important tools for studies of tumor initiation
and progression as well as for the evaluation of novel therapeutics. This is illustrated by recent
innovative studies that have applied new technologies to well-established models such as Eμ–Myc
and MMTV–PyV mT, yielding novel and signiﬁcant results (DeNardo et al. 2009; Zuber et al. 2011).
The emergence of new models based closely on some of the original ones discussed above also
illustrates their inﬂuence and the adaptability of the approach. Transgenic models of ErbB2-driven
breast cancer are a good example of this, having gone through numerous iterations from the original
model in 1988 to the present (Ursini-Siegel et al. 2007). With many important questions about
oncogene function remaining unanswered, classical oncogene-driven transgenic mouse models of
cancer will remain a valuable resource and a sound basis for the development of novel, updated
models that are an even more relevant representation of human cancer.
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