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Transposon-based screens for cancer gene discovery in mouse

models
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Abstract

Significant emphasis has recently been placed on the characterization of the human cancer genome.
This effort has been assisted by the development of new DNA sequencing technologies that allow
the genomes of individual tumors to be analyzed in much greater detail. However, the genetic
complexity of human cancer has complicated the identification of driver mutations among the more
abundant passenger mutations found in tumors. Recently, the Sleeping Beauty (SB) transposon
system has been engineered to model cancer in mice. SB-induced tumors are produced by transposon
insertional mutagenesis, thus the tagged mutations facilitate the identification of novel cancer genes.
This review provides a brief summary of the SB system and its use in modeling cancer in mice.

Introduction

While human cancer is caused by the cumulative effects of several factors (e.g. genetic,
environmental), the acquisition of somatic gene mutations plays a key role in tumor initiation
and progression. Many years of cancer research have identified a large number of human tumor
suppressors and oncogenes that are frequently targeted by somatic mutation in a wide variety
of tumor types. In addition, it is well established that cellular transformation requires the
stepwise acquisition of somatic mutations in multiple genes. Thus each tumor is the product
of many genetic alterations that cooperate to convert a cell from a normal to a malignant state.

Recently, significant resources have been committed to cataloging the human cancer genome
as part of an ongoing effort to better understand the frequency and distribution of somatic
mutations found within tumors of the lung, breast, colon and brain [1-3]. The goal of each study
was to identify mutations that directly contribute to the process of cellular transformation
(i.e. driver mutations). While the conclusions of each study vary depending on the number of
genes and tumors analyzed, the general indication is that many more genes are mutated in
human cancer than was previously appreciated.

Animal models have long been used to gain insight into the molecular and cellular events that
contribute to cancer. More recently, cancer geneticists have taken advantage of high throughput
analyses, such as comparative genomic hybridization, to identify genetic lesions common to
similar tumor types from animals and humans. The basic assumption is that the genetic
mechanisms that drive cellular transformation are shared among different species, while the
spontaneous mutations will be different in each species. Thus, this type of comparative
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oncogenomic approach provides another avenue to identify driver mutations within human
tumors.

Insertional mutagenesis has been used in mouse models of cancer for decades to simplify the
genetic analysis of tumors. Mouse models of spontaneous lymphoma and mammary cancer
were initially identified in the 1930's [4-5]. Subsequent work with these strains revealed that
tumors in these mice were induced by endogenous retroviruses — the murine leukemia virus
(MuLV) or the mouse mammary tumor virus (MMTYV). These viruses are often referred to as
“slow transforming retroviruses” because they do not encode any oncogenic peptides, but
instead cause tumors by inducing insertional mutations when integrated into the host cell
genome as a provirus [6]. The use of the inserted provirus as a sequence tag has greatly
accelerated the identification of driver mutations within tumors induced by retroviral
insertional mutagenesis, and this approach has made significant contributions to our
understanding of the oncogenic networks that drive mouse lymphoma [7] and mammary cancer
[8]. Unfortunately, the application of retroviral insertional mutagenesis is limited to the study
of these specific forms of cancer due to the biology of the retroviruses (e.g. cellular tropism).
However, other mouse models of cancer that are induced by insertional mutagenesis would be
extremely valuable for comparative oncogenomic studies with more common forms of human
cancer.

Transposons have been used extensively to perform insertional mutagenesis screens in
invertebrate organisms such as yeast, Caenorhabditis elegans and Drosophila melanogaster
[9-11]. These studies have co-opted an active endogenous transposon found in each species to
perform mutagenesis. Unfortunately, most mammalian species, including mice, do not have
active endogenous transposons, and thus transposon insertional mutagenesis in the mouse was
not possible.

This changed in 1997 when lvics et al. described the molecular reconstruction of an active
transposon, called Sleeping Beauty [12]. Subsequent work showed that the Sleeping Beauty
(SB) transposon functions in vivo in the mouse and could be used to perform insertional
mutagenesis [13-15]. Unlike endogenous retroviruses, SB showed activity in many tissues in
the mouse [15]. This suggested that SB could be used to induce tumors in mice, but without
the limitations in tissue specificity caused by retroviruses. This chapter summarizes the
development of the SB system to achieve this goal, as well as the current applications of SB
in generating novel mouse models of human cancer.

Adapting Sleeping Beauty to model cancer

The SB transposon is a member of the Tc1/mariner family of class Il transposable elements
that use a cut-and-paste transposition mechanism. The basic requirements to drive SB
transposition are quite simple: the transposase enzyme and a transposon vector. When both
components are present within the same nucleus, the transposase can bind to specific sites
within the inverted repeats of the transposon vector, mediate excision of the transposon from
the donor site and integration into another target site in the host cell genome (Figure 1). The
target sequence for SB is a TA dinucleotide pair — a simple sequence that is found within the
mouse genome in more than 340 million sites. Therefore, the SB system has the potential to
produce a wide variety of insertional mutations in virtually every gene in the mouse genome.

The SB transposase (SBase) has several conserved domains that are critical for its function.
First, a bipartite DNA-binding domain is found at the N-terminus of the SBase protein [16].
This domain confers the specificity with which the SBase is able to recognize and bind its
target sequences within the transposon [17]. The catalytic function of the SBase is found in the
C-terminal DDE motif — a domain that is common to transposase, recombinase and viral
integrase enzymes. This DDE domain mediates the cleavage and joining reactions of the target
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DNA. The initial version of the SBase engineered by Ivics and colleagues is referred to as
SB10 [12]. However, several improved versions of the SBase have since been described that
show increased transposition rates in some assays [18-20].

The SB transposon, the second part of the SB system, is essentially a DNA fragment flanked
by the inverted repeats (IRs) (Figure 1). A specific left (IRL) and right (IRR) inverted repeat,
each having a distinct sequence, are required for efficient transposition [21]. Each IR contains
two direct repeats that function as the binding sites for the SBase. The DNA cargo for SB
transposons varies depending on the application. However, the transposition rate is inversely
correlated to transposon size, with an optimal transposon size of roughly 2 kilobases [19]. As
with the SBase enzyme, improvements to the SB transposon have also been made to improve
the efficiency of transposition [21].

The initial studies to use the SB system in mice generated transgenic strains to express the
SBase ubiquitously [13,15] or specifically in the mouse germ line [14]. These strains were then
bred to mice that carried one or more copies of an SB transposon as a transgene concatomer
to produce double transgenic males. Transposition events within the male germ line were then
obtained by simply breeding the double transgenic male to a wild type female mouse. In all
cases, a moderate rate of transposition was observed with each gamete from male double
transgenic mice inheriting 1 or 2 de novo transposon insertions [13-15].

The moderate rate of transposition observed in these initial experiments was insufficient to
make germ line transposon mutagenesis a practical approach in mice. However, a low level of
transposition could be adequate for other applications. For example, a moderate transposition
rate could be sufficient to induce tumors in mice if a large population of cells were mutagenized
over an extended period of time. While the transposon mutagenesis rate might be low, the
strong positive growth selection that drives tumor formation would allow a rare population of
cells to be identified that harbor mutations in cancer genes.

The application of SB mutagenesis for cancer gene discovery required several considerations.
First, prior work had shown that cellular transformation requires many independent gene
mutations. Thus a tumor induced by SB mutagenesis would require multiple transposons to
generate the required number of gene mutations. Second, an SB transposon used to induce
tumors must be capable of mutating both tumor suppressors and proto-oncogenes, as mutations
in both types of cancer genes are likely required to transform a cell. Therefore, the transposon
used for this application needs to produce gain- and loss-of-function mutations. If enough
copies of this type of mutagenic transposon could be mobilized by SBase in the somatic cells
of mice, the resulting tumors would harbor transposon-tagged mutations that could easily be
identified using a variety of molecular approaches.

In 2005, several publications demonstrated the feasibility of this approach [22-23]. First, a
mutagenic transposon was constructed that mimicked the activity of a slow transforming
retrovirus (Figure 2a). This transposon, called T2/Onc, contained splice acceptors and
polyadenylation sequences on both strands. These sequences allow the transposon to function
as a bi-directional gene trap capable of truncating tumor suppressor gene transcripts when
inserted in either the forward or reverse orientation (Figure 2c). A promoter and splice donor
cassette was also included in the T2/Onc transposon. The combination of these sequences serve
to initiate transcription and splice into downstream exons to drive over expression of oncogenes
(Figure 2b). However, the transposon did not encode any proteins, but instead was designed
to induce tumors only by mutating endogenous genes.

Work by Collier et al. produced transgenic mice harboring multiple copies of the T2/Onc
transposon [22]. These mice were then bred to transgenic mice ubiquitously expressing the
SBase. Unfortunately, the resulting double transgenic mice did not show signs of spontaneous
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tumor formation as predicted, although transposition of the T2/Onc transposon could be
observed in the tissues of double transgenic mice. This suggested that the transposon
mutagenesis rate was not high enough to drive cellular transformation. However, in a
subsequent experiment, Collier et al. showed that transposon mutagenesis could dramatically
accelerate sarcomas that developed in mice that were deficient for the p19 tumor suppressor.
Analysis of the sarcomas showed that clonal transposon insertions in the Braf locus were
present in nearly 80% of tumors, suggesting that transposon-induced mutations had been
selected during tumor formation. This was a significant achievement since insertional
mutagenesis had not been used previously to study the genetics of sarcomas.

In a separate series of experiments, Dupuy et al. further modified the SB system to improve
the mutagenesis rate to more efficiently drive tumor formation [23]. First, a strain of knock-in
mice (RosaSBase) was generated to express the SBase from the ubiquitously expressed
ROSAZ26 locus. This allele provides more stable SBase expression by avoiding the epigenetic
silencing experienced by some transgenes. An additional improvement was the use of an
improved SBase in generating the RosaSBase allele. Transgenic mice were also produced that
harbor a mutagenic transposon, called T2/Onc2, that is virtually identical to that of T2/Onc
used by Collier et al. However, T2/0Onc2 transgenic mice were generated that carry 150-300
copies of the T2/Onc2 transposon, in contrast to 20-30 transposon copies found in the T2/Onc
transgenic mice. The combination of a more stable expression of an improved SBase along
with an increased number of transposons should produce a higher transposition rate in vivo.

Double transgenic mice were generated to test the efficiency of the new RosaSBase and T2/
Onc?2 alleles. The result indicated that transposition rates were high enough to induce
embryonic lethality among the majority of double transgenic mice [23]. However, a small
number of these animals survived and were aged to determine if spontaneous tumors would
form. Surprisingly, all double transgenic mice developed aggressive lymphomas within 10
weeks of age. As was seen in SB-induced sarcomas, these lymphomas harbored clonal
transposon insertions, although transposon-induced mutations in the Notch1 locus were most
common in lymphomas. Unlike the SB model of sarcoma, the lymphoma model described by
Dupuy et al. did not require a sensitizing mutation, such as p19 deficiency, to induce tumors.
This work showed that the SB system could drive tumor initiation as well as progression, under
some circumstances.

While these initial publications demonstrated the feasibility of using the SB system to model
cancer in mice, there were several significant limitations that needed to be overcome. First, the
work of Collier et al. suggested that SB mutagenesis can be used to study a wider variety of
tumor types than can be studied using retroviral insertional mutagenesis. However, the SB
model described by Collier et al. was only capable of accelerating tumors in mice that were
genetically predisposed to develop tumors [22]. This was not the case for the SB model
described by Dupuy et al., as double transgenic mice rapidly developed spontaneous tumors.
Unfortunately, the tumors were almost exclusively T-cell lymphomas, and the majority of the
double transgenic died during embryonic development [23]. Therefore, the SB system required
further modification to provide greater flexibility to model cancer in mice.

Controlling transposition to produce specific tumor models

Given its simplicity, the possibilities for modification of the SB system involve either altering
the SBase enzyme or the structure and/or copy number of the mutagenic transposon. Several
different approaches have been used, and all of these have had some success in altering the
behavior of the SB system to generate more diverse cancer phenotypes in mice.

Alteration of SBase allele—The most straightforward manner in which SB mutagenesis
can be controlled is to provide tissue-specific expression of the SBase enzyme. In this way,
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transposon mutagenesis will occur only in sites where SBase is expressed. Two different
approaches could be used to achieve this goal. First, the SBase could be directly expressed
from a tissue-specific promoter in transgenic or knock-in mice. This would require the
production of many different mouse strains to drive SBase expression in a variety of tissue or
cell types. A second approach could make use of the Cre/loxP system to generate a Cre-
inducible SBase allele. This would be achieved by interrupting SBase expression from a
ubiquitous promoter with a silencing cassette flanked by loxP sites. This lox-stop-lox (LsL)
cassette can then be deleted by Cre recombinase, thus restoring expression of SBase. Such an
SBase allele could then be activated by one of the many tissue-specific Cre transgenic mouse
strains that have been developed.

The latter approach was used in a subsequent study to produce a lox-stop-lox SBase allele
[24]. This was accomplished by inserting a floxed stop cassette consisting of an EGFP cDNA
followed by three polyadenylation sites upstream of the SBase cDNA to produce the
RosaSBase-LsL allele. In the absence of Cre recombinase, this allele expresses EGFP instead
of the SBase. Thus, transposition does not occur in double transgenic mice carrying the
RosaSBase-LsL allele along with a mutagenic transposon transgene, and these mice are not
predisposed to form tumors. However, once Cre recombinase deletes the upstream floxed stop
cassette, the downstream SBase cDNA is expressed and transposition is initiated. Thus, the
RosaSBase-LsL allele can be used to perform tissue-specific transposon mutagenesis in mice
in a Cre-dependent manner.

Several studies have already demonstrated the flexibility of this Cre-dependent SB system.
First, Dupuy and colleagues showed that activation of transposition using a B-cell-specific Cre
transgenic strain produced predominantly B-cell malignancies [24]. Starr et al. induced
transposon mutagenesis using Cre recombination in the intestine to produce a model of
colorectal cancer [25]. A mouse model of hepatocellular carcinoma was also produced by Keng
etal. using liver-specific transposon mutagenesis [26]. These experiments provide an important
demonstration of the flexibility of the SB system to model cancer in mice, as the tumors types
induced using Cre-dependent transposon mutagenesis were not frequently observed in the
initial SB-induced cancer models.

Modification of mutagenic transposons—The use of the RosaSBase-LsL allele shows
that controlling the expression of the SBase can be used to generate tissue-specific models of
cancer in mice. However, modifications to the mutagenic transposon have also been shown to
alter the tumor phenotype in mice [24]. Dupuy and colleagues speculated that the tissue
specificity of the promoter used in both the T2/Onc and T2/Onc2 transposons contributes to
the tumor phenotype by determining the relative strength of the overexpression alleles
produced in various tissues undergoing transposon mutagenesis. Since both initial transposons
contain the murine stem cell virus (MSCV) promoter, the strongest overexpression alleles are
most likely produced in hematopoietic cells, and this could explain the tendency for the SB
system to induce lymphomas.

This hypothesis was tested by developing a new mutagenic transposon, called T2/0Onc3, in
which the MSCV promoter was replaced with the CMV enhancer/chicken beta-actin promoter
(CAG) (Figure 2). The CAG promoter was chosen as it had been shown to be expressed at high
levels in epithelial cells, but only weakly expressed in hematopoietic cell lineages. Transgenic
mice harboring 10-20 copies of the T2/0Onc3 transposon were then bred to the ubiquitous
RosaSBase allele. Double transgenic mice did not show signs of embryonic lethality previously
seen using high copy T2/0nc2 transposon transgenic strains. Moreover, mice that underwent
ubiquitous T2/0Onc3 mutagenesis developed a wide variety of carcinomas [24]. This result
shows that direct modification of the mutagenic transposon can dramatically affect the tumor
phenotype.
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Another conclusion from the T2/0Onc3 mutagenesis experiment is that the tumor phenotype
produced in mice using SB mutagenesis is likely the result of the combined effects of the SBase
expression and the properties of the mutagenic transposon. Therefore, using different
combinations of existing transposon and transposase alleles could produce novel tumor
phenotypes. This idea was recently tested by Collier and colleagues by generating novel
combinations of SBase and transposon alleles [27]. This work was prompted by the discovery
that the SBase transgenic mice initially used to study sarcomas was inefficiently expressed in
most tissues. Therefore, the RosaSBase knock-in allele was combined with the low copy T2/
Onc transposon allele to generate double transgenic mice. This combination of alleles drove
transposon mutagenesis at a high enough rate to generate spontaneous tumors in wild type
mice, but not high enough to induce embryonic lethality. Furthermore, while the double
transgenic mice did develop lymphomas, a significant number developed spontaneous
astrocytomas — a tumor type not commonly seen in previous SB models of cancer. This
suggests that different combinations of the existing SBase and transposon alleles could modify
the tumor phenotype in mice.

Currently, three different SBase alleles along with seven mutagenic transposon alleles have
been described in the literature (Table 1). These studies indicate that several important factors
affect the tumor phenotype produced by SB mutagenesis: 1) efficiency and pattern of SBase
expression, 2) mutagenic transposon structure and 3) transposon copy number. These alleles
have been used to generate a wide variety of tumor types in mice. However, the development
of new SBase or transposon alleles may be required to produce some mouse models of human
cancer.

Identification of driver mutations in SB-induced tumors

The goal of modifying the SB system to induce tumors in mice is to facilitate the discovery of
cancer genes. A significant portion of the transposon sequence, including the inverted repeats,
is divergent from the mouse genome. Primers targeting these unique sequences have been used
in a variety of ligation-mediated PCR (LM-PCR) approaches to specifically amplify genomic
fragments that contain a transposon insertion [28]. The DNA sequence of these PCR products
can be obtained and subsequently used to map the transposon insertion to the mouse reference
genome. Once the transposon insertion site is known, the gene(s) most likely affected by the
transposon can be determined. A comprehensive view of the genetic events that contributed to
an individual SB-induced tumor can then be obtained by mapping all transposon insertions
found within the tumor.

The number of independent transposon insertion events presents a major challenge in the
identification of transposon-induced mutations. In some cases, more than 20 independent
clonally expanded insertion events can be detected by Southern blotting in SB-induced tumors
[23]. An LM-PCR process should identify all of these events, in addition to many subclonal
transposon insertion sites. Given the significant number of expected PCR products from each
SB-induced tumor, traditional methods to isolate and sequence these products are not feasible.
Instead, the initial studies that identified transposon insertion sites in SB-induced tumors used
a shotgun cloning strategy to produce a plasmid library of the PCR products obtained from
each independent tumor [22-23]. Sequencing individual clones from each library then
identified the transposon-genomic DNA junctions found within each tumor.

The shotgun cloning strategy had several limitations. First, the LM-PCR procedure generated
two plasmid libraries for each SB-induced tumor. Each library contained the transposon-
genomic DNA junctions from either the right or left transposon inverted repeat. This was done
to ensure adequate representation of the transposon insertion sites, as some transposon-
genomic DNA junctions cannot be uniquely mapped due to insufficient fragment length or the
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presence of repetitive sequences. However, the production of the plasmid libraries was
laborious. A second limitation of this approach was the significant cost of DNA sequencing,
and this limited the number of independent clones that could be sequenced. As a result, only
a modest number of independent transposon insertion events were identified in each tumor.

The development of next generation sequencing technologies has dramatically changed the
process of identifying transposon insertion sites. Recently, a novel method was described that
generates LM-PCR products that can be directly sequenced on the Genome Sequencer FLX
platform (Roche/454) [24-26]. This machine is capable of simultaneously sequencing ~500
000 individual LM-PCR products, eliminating the need to produce plasmid libraries of the LM-
PCR products. The significant improvement in sequence coverage also identifies hundreds of
independent transposon insertion sites in each SB-induced tumor, thus producing a more
comprehensive view of the transposon-induced mutations found in each sample.

While the use of next-generation DNA sequencing has greatly increased the efficiency of
transposon insertion site identification, it has also complicated the interpretation of the data
obtained from SB-induced tumors. As previously discussed, the identification of driver
mutations in human tumors among the more abundant passenger mutations is a major challenge
in the field of cancer genetics. The same challenge also exists in deciphering the genetic
complexity of SB-induced tumors, given the hundreds of independent transposon insertion
events that can now be readily detected in each sample.

Fortunately, transposon-induced driver mutations can be more easily detected due to the
predictable activity of the SB system. Integration site bias is often a concern when performing
insertional mutagenesis. Integrating viruses, such as MuLV and HIV, show a preference for
insertion near genes [29]. By contrast to these vectors, several studies have shown that the
SBase does not display such an integration site bias when inserting transposons into the genome
[23,30-31]. Instead, SB transposons show a distribution pattern that appears nearly random.
This is a significant advantage for two reasons. First, SB insertional mutagenesis will likely
generate more diverse types of mutations in a larger number of genes than will a retrovirus that
displays significant insertion site bias. This provides the opportunity to identify a larger number
of cancer genes. The second advantage is that the significance of any transposon-induced
mutation can be assessed by simply determining if the frequency of transposon insertion within
that gene occurs at a rate higher than expected, assuming a random distribution.

However, there is one type of SB transposon insertion event that is decidedly non-random, and
that is the local hopping event. The SB system, like other cut-and-paste transposons, shows a
preference for insertion within a region linked to the transposon donor site. This phenomenon,
referred to as local hopping, has been repeatedly observed in studies in which SB transposons
were mobilized in the mouse germ line [13-15]. This bias is also seen in tumors induced with
the SB system [22-23]. However, the frequency and the size of the genetic interval affected by
local hopping varied significantly in each study, and this variation has prevented a specific
definition of local hopping for the SB system from being developed. Nevertheless, local
hopping must be taken into account when determining the significance of any transposon-
induced mutation in SB-induced tumors, since genes linked to the transposon transgene will
acquire insertion events more often than genes that are found on different chromosomes.

Given the predictable nature of SB-induced transposition, this process can easily be simulated
using computational methods. Several approaches have been used to identify driver mutations
in tumors produced by insertional mutagenesis. Monte Carlo simulation has most frequently
been employed to identify driver mutations in SB-induced tumors. This approach relies on
repeated random sampling to determine if the observed number of transposon insertions within
any region of the genome is greater than expected [24-26]. The result of the Monte Carlo
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simulation establishes a series of definitions that can be used to identify common insertions
sites (CISs). For insertional mutagenesis screens in mouse models of cancer, CISs are generally
thought to be the driver mutations that were selected during the process of cellular
transformation. The Monte Carlo simulation is used to identify CISs by determining the size
of the genetic interval that contains a given number of independent insertion events (i.e. found
in different tumor samples) at an expected frequency of less than 5% (Figure 3). Any region
of the mouse genome that contains either a greater number of transposon insertion events or
the same number of insertion events in a smaller genetic interval is defined as a CIS.

Kernel convolution is another computational method for CIS identification that has recently
been developed and modified to evaluate data from SB-induced tumors [32]. This approach
places a Gaussian kernel function at each insertion site. The expected number of insertion
events at any particular genomic location can then be estimated by summing all kernel functions
within the data set. One advantage of the kernel convolution method is capable to evaluating
integration data across multiple scales simultaneously. By contrast, the Monte Carlo method
can identify CISs that contain a user-specified number of independent insertion events. The
ability to evaluate multiple scale spaces (i.e. narrow or wide clusters of insertion events) allows
the kernel convolution method to identify a greater number of candidate CISs in a single
analysis.

It should be noted that the kernel convolution method has only recently been adapted to
evaluated transposon insertion data from SB-induced tumors [33]. Additional work is needed
to compare and contrast this approach with results obtained using the Monte Carlo method to
determine the relative strengths and weaknesses of both methods. Furthermore, additional
computational methods could also be developed to address any weaknesses shared by the
existing approaches. Most likely, the interpretation of insertion site data from SB-induced
tumors will involve multiple bioinformatic approaches, as with other forms of high throughput
data analysis (e.g. expression arrays, CGH).

Regardless of the method used to identify CISs in SB-induced tumors, the effects of local
hopping must be considered. This is important, since local hopping would otherwise lead to
the identification of many false positive CISs in regions that are linked to the initial transposon
transgene. Currently, the only way to adequately eliminate false positive CISs caused by local
hopping is to disregard all transposon insertion events that map to the chromosome containing
the transposon transgene — referred to as the “local chromosome”. While this is a conservative
approach that likely leads to false negative results for some loci on the local chromosome, the
number of false positive CISs eliminated by this approach is likely far greater than the number
of false negative CISs. In addition, all SB cancer screens performed to date have used at least
two independent transposon transgenes that map to different chromosomes, thus allowing the
local chromosome in one strain to be assessed in the other.

To date, roughly 300 genes have been identified as CISs in only a few tumor types using the
SB system. While the significance and relevance to human cancer has yet to be determine for
most of these genes, preliminary results suggest that SB models of cancer will be useful in
identifying novel cancer genes. For example, Notchl is the most frequently mutated gene in
two independent models of SB-induced T-cell lymphoma, in which transposon insertions
produce gain-of-function Notchl alleles [23,27]. A similarly high rate of gain-of-function
mutation is also seen in human T-cell acute lymphoblastic leukemia patients, though these
alleles are produced by somatically acquired point mutations in the NOTCH1 gene [34]. In
addition, Starr et al. recently showed that frequent disruption of the Apc locus is caused by
transposon insertion in an SB-model of colorectal cancer [25]. Both spontaneous and inherited
mutations in the APC locus are causally linked to colorectal cancer in humans. Examples such
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as these are an important proof of principle showing that SB models of cancer will be useful
in identifying novel cancer genes.

Current challenges and future applications of SB in mouse cancer models

The use of the SB system to study cancer in mice is a relatively new application of transposon
mutagenesis. However, the re-identification of a number of validated human cancer genes
(e.g. Notchl, Apc, Braf) in SB-induced tumors validates this approach. This result also suggests
that some of the novel candidate cancer genes identified in these screens will likely play a role
in human cancer. Nevertheless, the broader application of SB mutagenesis in mouse cancer
models still faces several challenges. The degree to which these challenges can be addressed
will determine the extent to which the SB system can contribute to our understanding of cancer
genetics.

As previously discussed, retroviral insertional mutagenesis has been a powerful tool that has
been applied to the study of leukemia and mammary cancer in mice. The inability of
retroviruses to induce tumors in other tissue types is, in part, what prompted the development
of the SB system for this application. While the SB system has recently been shown to be
capable of inducing a wide array of tumor types in the mouse, there are several notable
exceptions. For example, cancers of the lung, mammary gland, prostate and pancreas, among
others, have not yet been generated with the SB system. However, it is unclear if this failure
is due to the inability of the SB system to function in these tissues, or if it is due to the lack of
the appropriate tools to model these tumor types in mice. The latter is most certainly the case
for mammary cancer since ubiquitous transposition of the T2/Onc3 transposon is capable of
inducing spontaneous mammary tumors [24]. However, activation of the Cre-inducible SB
system using mammary-specific Cre expression did not efficiently produce mammary tumors
(our unpublished data). Therefore, the use of the Cre-inducible SB system may require
additional optimization to produce tissue-specific tumor models. In some cases, the existing
Cre transgenic strains for a given tissue may not be expressed efficiently, may not be expressed
in the correct cell type within the tissue, or may not be expressed at the appropriate
developmental time point to induce spontaneous tumors. In these situations, new Cre strains
may need to be developed and tested to produce SB models of some specific forms of cancer.

It should also be noted that all existing SBase mouse strains do not provide the ability to shut
off transposase expression once it has been established. As a consequence, transposition can
occur throughout the lifetime of a mutagenized animal. However, a novel SBase allele
controlled by an inducible system, such as the Tet expression system, would provide the ability
to provide controlled bursts of SBase expression. This would facilitate a number of
experimental approaches not currently possible using constitutive SBase expression. For
example, cell lineage tracing studies could be performed to study various aspects of normal
development or cancer biology using transposon tagging.

Another significant challenge involves the bioinformatic analysis of genetic data derived from
SB-induced tumors. As previously discussed, several approaches have already been developed
to identify CISs (i.e. driver mutations) in tumors induced by insertional mutagenesis. However,
there are no well-established methods to compare insertional mutagenesis data derived from
mouse tumors to data obtained from human tumors. This type of analysis is particularly
challenging when performing cross-species comparisons of large data sets obtained from
tumors induced by distinctly different mechanisms — insertional mutagenesis or spontaneous
mutation. Nevertheless, a recent study by Mattison et al. suggests that this sort cross-species
comparison will be informative [33].

Despite some challenges in generating tissue-specific models of cancer, over 20 tumor types
have already been produced using the SB system. There are a number of potential applications
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of the SB system for these forms of cancer. For example, there is increasing interest in not only
identifying driver mutations in tumors but also understanding how the combination of driver
mutations within an individual tumor collectively contribute to transformation. The SB system
can facilitate this type of analysis. Cooperating oncogenic mutations can be identified by
determining which combinations of transposon-induced mutations in SB-induced tumors are
found more often than predicted. A similar strategy has already been employed in retroviral
insertional mutagenesis models of T-cell lymphoma [35]. The identification of these co-
selected driver mutations could provide insight into a novel biological mechanism within the
tumor that could be targeted with novel therapeutic agents.

The most obvious application of the SB system is the identification of novel cancer genes.
However, SB mutagenesis could also be used to study genetic mechanisms of cancer-relevant
phenotypes. One example of this would be the identification of mutations that provide
resistance to chemotherapeutic agents. Such an experiment could be performed by treating
mice that have developed SB-induced tumors with a drug. Tumors that proliferate in the
presence of the drug could have mutations that provide resistance. Comparisons between
tumors that show differential responses to drug treatment could identify candidate mutations
that provide drug resistance. Another approach that could be used to study acquired drug
resistance is to perform insertional mutagenesis in tumors that are initially sensitive to a specific
drug and isolate resistant tumor clones that emerge in the presence of the drug. These resistant
clones will have acquired insertional mutations that provide resistance. An example of this
approach was recently described by Lauchle and colleagues in which retroviral insertional
mutagenesis was used to identify a resistance mutation in a mouse model of leukemia [36].

Tumor metastasis is perhaps the single most significant challenge in treating human cancer. In
most cases, treatment options for advanced metastatic disease are limited. Recent work has
suggested that genetic selection could play a role in driving some aspects of tumor metastasis
[37-38]. If this is the case, the SB system could be used to identify mutations that play a role
in metastasis. Recent work by Keng and colleagues demonstrated that SB mutagenesis can
drive production of metastatic hepatocellular carcinoma [26]. Interestingly, analysis of the
transposon-induced mutations in both the primary and metastatic liver tumors showed that the
tumors had a common origin. However, the metastatic tumors had acquired novel transposon-
induced mutations that were not detected in the primary tumor. Additional work is required to
determine if the metastasis-specific transposon-induced mutations directly contributed to the
metastatic phenotype. Nevertheless, this result suggests that SB mutagenesis screens could be
performed to determine if metastasis-specific CISs can be identified. The identification of
recurrent gene mutations in metastatic tumors would support the notion that genetic selection
contributes to tumor metastasis. Functional characterization of metastasis-specific gene
mutations would provide significant insight into the biological mechanisms that drive
metastasis, and perhaps lead to the development of novel drugs that target these processes
specifically.

It should be noted that the adaptation of the SB system to study cancer in mice is a recent
development. New observations are continuously made that provide more information about
how to construct SB-induced models of cancer and to interpret the genetic data derived from
these models. Given the early successes, the SB system will continue to evolve, as new
applications and mouse strains are developed.
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Figure 1.

The Sleeping Beauty (SB) transposon system. Like all cut-and-paste transposons, the SB
system requires two functional parts: the transposase enzyme (SBase) and the transposon
vector. When these two elements are found within the same host cell nucleus, the SBase can
bind to the inverted repeats (IRL and IRR) at the ends of the transposon, mediate excision of
the transposon from the donor site and insertion into a new TA dinucleotide site. The TA site
is duplicated and flanks each end of the transposon at the insertion site. The DNA breaks
generated by the SBase at the donor site are repaired by the host cell. The repair often leaves
behind a footprint (TACTGTA) at the donor site.
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Figure 2.

Structure and function of mutagenic transposon vectors used in SB-induced models of cancer.
(a) Two different transposon vectors have been generated to induce tumors when mobilized
in the somatic cells of mice. The promoter (MSCV or CAG) together with the splice donor
(SD) can cause overexpression of downstream oncogenes. The splice acceptors (SA) and
polyadenylation sites (pA) included on both strands of the transposons allow it to function as
a gene trap to disrupt expression of tumor suppressor genes. (b) The mutagenic transposons
are capable of driving oncogene overexpression in SB-induced tumors via two main
mechanisms in which the T2/Onc transposon expresses a near full-length (above) or truncated
(below) transcript. These mechanisms employ the MSCV or CAG promoter along with the
splice donor within the transposon. (c) Transposon-induced tumor suppressor gene disruption
can be achieved through the action of the gene trap elements (e.g. splice acceptor, polyA) on
the plus strand (above) or minus strand (below), depending on the orientation of the transposon
relative to the mutated gene.
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Figure 3.

Identification of common insertion sites in SB-induced tumors. High throughput PCR-based
methods have recently been developed to identify a large number of transposon-induced
mutations in individual SB-induced tumors. The driver mutations causally linked to
transformation are identified as common insertion sites (CISs) — regions of the genome that
harbor transposon insertions in multiple independent tumors. Currently, a Monte Carlo
simulation is used to model random transposon insertion within the mouse genome to mimic
the number of tumors and insertion events observed within each experiment. The cumulative
results of thousands of interations of the Monte Carlo simulation are used to identify non-
random clusters of transposon insertions in the tumor data set. These regions are then defined
as CISs. The figure graphically depicts this analysis to identify CISs within a region of the
genome containing three hypothetical genes (geneA-C) shown below. Each circle represents
an independent transposon insertion in this 200 kilobase interval. The results of three iterations
of the Monte Carlo simulation are shown, and these results are used to identify CISs in the
tumor data set (shown in red).
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Table 1

Overview of mouse tumor models generated with the SB system. The current mutagenic transposon strains are
indicated in the left column, and the three SBase strains are indicated at the top of each column. The tumor
phenotype is indicated for each combination of transposon and SBase strain. For instance, the combination of
T2/Onc and RosaSBase produces T-cell lymphoma and astrocytoma in mice.

X CAGGS-SB10 RosaSBase RosaSBase-LsL
T2/Onc (low copy)  sarcoma (in p19-null mice) T-cell lymphoma, astrocytoma gastrointestinal tumors
hepatocellular carcinoma
References: [26] [31] [29-30]
T2/0Onc2 (high copy) not done embryonic lethality, T-cell lymphoma, follicular lymphoma, diffuse large
medulloblastoma cell lymphoma
References: [27] [28]
T2/0Onc3 (low copy) not done ~20 tumor types, mostly carcinoma not done
References: [28]
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