
Transposons as Tools for Functional Genomics in Vertebrate 
Models

Koichi Kawakami1,*, David A. Largaespada2,*, and Zoltán Ivics3,*

1Division of Molecular and Developmental Biology, National Institute of Genetics, Mishima, Japan

2Department of Genetics, Cell Biology and Development, University of Minnesota, Minneapolis, 
USA

3Division of Medical Biotechnology, Paul Ehrlich Institute, Langen, Germany

Abstract

Genetic tools and mutagenesis strategies based on transposable elements are currently under 

development with a vision to link primary DNA sequence information to gene functions in 

vertebrate models. By virtue of their inherent capacity to insert into DNA, transposons can be 

developed into powerful tools for chromosomal manipulations. Transposon-based forward 

mutagenesis screens have numerous advantages including high throughput, easy identification of 

mutated alleles and providing insight into genetic networks and pathways based on phenotypes. 

For example, the Sleeping Beauty transposon has become highly instrumental to induce tumors in 

experimental animals in a tissue-specific manner with the aim of uncovering the genetic basis of 

diverse cancers. Here, we describe a battery of mutagenic cassettes that can be applied in 

conjunction with transposon vectors to mutagenize genes, and highlight versatile experimental 

strategies for the generation of engineered chromosomes for loss-of-function as well as gain-of-

function mutagenesis for functional gene annotation in vertebrate models, including zebrafish, 

mice and rats.
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Forward genetic screens by insertional mutagenesis to annotate gene 

function

Diverse methods have been employed to address the challenge of functional annotation of 

every gene and elaborate genetic networks and pathways. Mutational analysis proved to be 
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one of the most direct ways to interrogate gene functions. There are versatile strategies for 

generating mutant phenotypes. For example, reverse genetics approaches rely on targeting 

and disrupting genes of interest, preferably in pluripotent embryonic stem cells (ESCs), 

thereby creating engineered alleles that allow for the functional dissection of genes of 

interest on the cellular and organismal levels. In other words, reverse genetics is based on a 

candidate gene approach, in which the investigator addresses the functional consequences of 

modifying the expression of a given gene. Thus, this gene-by-gene approach does not 

facilitate gene discoveries related to a particular pathway of interest on a genome-wide scale. 

A shorter route to address this problem is designing genetic screens, in which phenotypes of 

interest are identified first and then followed by the identification of causative gene 

mutations. Indeed, forward genetic approaches aim to obtain mutant phenotypes by 

introducing loss-of-function or gain-of-function mutations in genomes of model organisms 

in a random and genome-wide fashion. In that manner, mutagenesis can be applied not only 

to decipher the functions of individual, mutated genes but also to provide insight into genetic 

pathways and networks.

Mutating genes by insertion of discrete pieces of foreign DNA has at least two advantages 

over other strategies of mutagenesis. First, insertion of foreign DNA is typically associated 

with a more profound mutagenic load than that of a point mutation, thereby generating more 

robust phenotypes. Second, the inserted DNA fragment can serve as a unique molecular tag 

that allows rapid, usually PCR-based, identification of the mutated allele. Insertional 

mutagenesis using engineered transposons can be one of the most productive and versatile 

approaches toward disrupting and manipulating genes on a genome-wide scale.

Transposon basics

DNA transposons are mobile genetic elements with the ability to change their positions 

within the genome via a “cut-and-paste” mechanism called transposition. During the 

transposition process, the transposon is removed from its original genomic location and is 

inserted somewhere else in the genome by the transposon-encoded transposase enzyme (Fig. 

1). Because transposition involves insertion of the transposon DNA into a new locus, the 

process is inherently mutagenic. The potential of a transposon insertion to result in any 

alteration of gene function depends on whether the transposon lands in or near a gene. There 

are several ways by which a transposon can influence gene expression [1]. For example, the 

transposon may disrupt the coding region of a gene (Fig. 2A,B). Typically, this would lead to 

loss of function of that particular allele, although dominant negative effects may also arise, 

depending on where exactly within the gene the insertion occurred. Intronic insertions may 

be spliced out without having an effect on gene expression, but may ectopically drive 

transcription of a sense or antisense transcript from the transposon’s promoter (Fig. 2C,D). 

Cryptic splice sites present in the transposon sequence may result in the generation of 

truncated transcripts (Fig. 2E). Transposon insertions at the 5′-transcriptional regulatory 

region of a gene may introduce an alternative transcription start site or may override the 

transcriptional program of the gene’s endogenous promoter (Fig. 2F). Finally, transposon 

insertion in the 3′-UTR of a gene may introduce an alternative polyadenylation site (Fig. 

2G). Mutagenesis caused by transposition resulting in unstable pigmentation phenotypes in 
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maize kernels was the very clue for Barbara McClintock’s groundbreaking discovery of 

transposable elements [2].

In nature, transposons exist as single units containing the transposase gene flanked by 

terminal inverted repeats (TIRs) that carry binding sites for transposase (Fig. 1). The 

underlying biochemical basis for using any transposon as a vector for genetic engineering is 

the trans-complementarity of the two functional components of transposition (i. e., the TIRs 

and the transposase). Because the transposase source can be physically separated from the 

TIRs, bi-component transposon systems can be engineered, in which virtually any DNA 

sequence of interest can be placed between the transposon TIRs and mobilized by 

conditionally expressing the transposase (Fig. 3A) from i) a transiently transfected 

expression plasmid, ii) transiently transfected mRNA and iii) a genomically located 

expression cassette. This feature makes transposons natural and easily controllable DNA 

delivery vehicles that can be used as tools for versatile applications ranging from somatic 

and germline transgenesis to functional genomics and gene therapy [3–5].

Transposons have been successfully used in plants [6–9] as well as in invertebrate animal 

models, including C. elegans [10–13] and Drosophila [14–18] for transgenesis and 

insertional mutagenesis. In vertebrate animals, the molecular reconstruction of the Sleeping 
Beauty (SB) transposon system, a Tc1/mariner-type transposon found in several fish 

genomes [19], opened up new possibilities for genome engineering. This newly reactivated 

element allowed highly efficient transposition-mediated gene transfer in major vertebrate 

model species without the potential risk of cross-mobilization of endogenous transposon 

copies in host genomes. This is because the genomes of major models lack endogenous 

transposon sequences with sufficient sequence similarity that would be required for 

mobilization by an exogenously supplied SB transposase. SB has been successfully used as 

a tool for genetic modifications of a wide variety of vertebrate cell lines and species 

including humans (reviewed in [5, 20, 21]). During the past decade, other elements have 

been shown to catalyze efficient transposition in vertebrate model organisms. For example, 

the insect element piggyBac (PB) [22–24] catalyzes efficient transposition in mammalian 

cells. Moreover, the Tol2 element, a naturally occurring active transposon isolated from the 

medaka fish [25, 26], has been shown to be active in various vertebrate species [27]. The 

basic criteria for the applicability of a transposon in any given model organism are i) a 

sufficient level of transpositional activity in the given species, and ii) target site selection 

properties of the transposon, which are discussed in the next section.

Integration site preference

Target site preferences of different transposons range from essentially random to selective 

with respect to the actual DNA sequences, at which integrations occur, but invariably non-

random at the genome-wide scale. For example, on the level of primary DNA sequence, the 

Tol2 element does not appear to exhibit a pronounced preference for any sequence for 

insertion [28]. In contrast, the Harbinger3_DR transposon from zebrafish is highly 

specialized to integrate into the palindromic AAACACCWGGTCTTT consensus sequence 

[29], the piggyBac transposon targets the sequence TTAA [30, 31], TcBuster and SPIN 
elements target palindromic 8-bp target sites with a conserved central TA [32], whereas all 
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Tc1/mariner transposons, including SB [19], Frog Prince [33], Minos [34] and Hsmar1 [35], 

target their integration into TA dinucleotides. In the case of SB, this preference was studied 

in detail, and palindromic TA repeats were found to be preferred sites for integration [36]. 

However, computational analyses revealed that target selection is determined primarily on 

the level of DNA structure, not by specific base-pair interactions. For example, protein-
induced deformability was shown to be associated with preferred SB insertion sites, 

whereas PB and Tol2 integration sites lack such consistent, clear-cut structural patterns [37, 

38]. On the genomic scale, SB transposons exhibit a close-to-random integration profile with 

a slight bias towards integration into expressed genes and their upstream regulatory 

sequences in cultured mammalian cell lines and primary human cells [28, 32, 39–43]. This is 

in marked contrast to target site distributions of several other transposons including Tol2 [28, 

41, 44], TcBuster [32], SPIN [32] and PB [28, 32, 41, 44] that all show significant difference 

from random insertion with respect to favored integration into genes and near chromatin 

marks characteristic of active transcription units (e.g., H3K27 acetylation and H3K4 

monomethylation) and disfavored integration near marks characteristic of inactive chromatin 

(e.g., H3K27 trimethylation). The PB transposon, in particular, has been shown to favor 

open chromatin, expressed genes and TSSs (±5kb) associated with DNaseI hypersensitive 

sites, H3K4Me3 marks and Pol II-bound regions in mouse and human cells [23, 28, 44–49]. 

This control of integration at the chromatin level is poorly understood. One possible 

explanation for this can be the interaction of the transposase with chromatin-associated 

factors. Indeed, it has been recently shown that PB is targeted to TSSs through an interaction 

of the PB transposase with BET domain proteins [43], similar to the mechanism shown to be 

responsible for the enrichment of MLV integrations into TSSs [50]. Taken together, the 

preferences of particular elements to integrate into intragenic versus intergenic chromosomal 

regions, and preferences for integration sites within genes are substantially different.

Integration site preference can greatly influence the utility of transposon vectors for different 

applications. Indeed, the insertional biases associated with vector systems represent the main 

limitation to full genome coverage with individual transposon-based vectors. Thus, in this 

respect, the utility of transposons for mutagenesis is greatly enhanced by the availability of 

multiple, alternative vector systems with distinct preferences for insertion, such as SB, Tol2 
and PB. Indeed, the propensity of Tol2 and PB to insert close to transcriptional start sites of 

genes might be particularly advantageous for enhancer trapping [51, 52] or for the 

overexpression of entire genes [53], whereas SB is expected to generate a wider range of 

mutant alleles.

Transposons and functional genomics

Mutagenic cassettes

As discussed above, transposons are natural mutagens. There are two main features that are 

typically incorporated in a transposon vector for mutagenesis purposes: a mutagenic cassette 

that enhances a loss-of-function or gain-of-function effect on gene expression and a reporter 

cassette that is conditionally expressed upon transposon insertion into a gene (Key Figure, 

Fig. 3).
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There are several types of mutagenic cassettes that can be efficiently combined with 

transposon-based gene delivery for insertional mutagenesis, all designed to enhance the 

mutagenic effect of a transposon that landed in or near a gene (Fig. 3A). 5′ gene trap 

cassettes include splice acceptors (SA) and polyadenylation (pA) sequences so that 

transcription of genes can be disrupted upon vector insertion into introns (Fig. 3B) [54]. 

Frequently, such cassettes are also equipped with a reporter gene (usually, a fluorescent 

protein, β-galactosidase or antibiotic resistance), whose expression is dependent on the 

correct splicing between exons of the trapped gene and the SA site carried by the transposon 

vector [55, 56]. Commonly, such gene traps have been used for ESC mutagenesis [57, 58], 

and were also employed in combination with the SB delivery system in several studies for 

mutagenizing ESCs [59] as well as the germlines of experimental animals [60–68]. In 

addition, the efficiency of gene trapping can be further improved by inserting an internal 
ribosome entry site (IRES) sequence in front of the reporter gene, which allows for the 

expression of the reporter cassette irrespective of the reading frame of the disrupted gene 

[69]. Trapping and discovery of low expressing genes can be further facilitated by using 

transcriptional transactivation systems, in which an initial, low level of the gene trap reporter 

signal is amplified by trans-activation of a second reporter and hence made detectable. For 

example, a conditionally expressed tTA (tetracycline controllable) transcriptional activator 

has been included in an SB-based IRES-gene trap vector to amplify the trap signal by 

activating transcription of a reporter in zebrafish embryos and mice [64, 70]. Gene trapping 

was combined with a coat color marker in order to provide a method for fast and noninvasive 

identification of new transposition events and homozygous rats [68]. Because gene trap 

vectors depend on the transcriptional activities of endogenous promoters/enhancers to drive 

the expression of their reporter cassettes, they can only report insertions into genes that are 

actively transcribed in the tissue of interest in which mutagenesis is done.

Another type of cassette that can be incorporated into transposons is called a polyA trap that 

is equipped with an internal promoter, reporter cassette and splice donor (SD) site, but lacks 

a pA signal (Fig. 3C). If such cassette lands in a transcription unit in the right orientation, 

the RNA transcript initiated by the internal promoter splices to the endogenous, downstream 

exons and is processed and polyadenylated. Therefore, polyA traps can be used for trapping 

genes regardless of their transcriptional activity, but are only expected to be sufficiently 

mutagenic when combined with gene-breaking trap cassettes [21, 55, 67, 71]. As for the 

gene traps, efficiency of polyA trapping vectors can be improved by incorporating an IRES 

sequence, which suppresses nonsense-mediated RNA decay (NMD) of chimeric 

transcripts, between the reporter cassette and the SD site, thereby removing the bias in 

preferentially detecting those vector integrations that occurred in the last introns of the 

trapped genes [72].

A specific combination of gene- and polyA trap features was developed to discover proto-

oncogenes as well as novel tumor suppressor genes in mice. This “oncogene trap” contains 

SA and pA signals in both orientations in order to disrupt transcription of endogenous genes 

(Fig. 3D), which is useful for knocking out tumor suppressor genes (TSGs). In addition, 

oncogene trap cassettes also include strong viral enhancers/promoters that can drive 

transcription outwards from the vector, and an SD site, at which the transcript is spliced to 
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downstream exons, thereby leading to overexpression of a full-length or truncated protein 

product of the trapped gene (Fig. 3D,E) [73, 74]. Finally, the strong enhancer element inside 

the transposon may transactivate the promoter of an oncogene, thereby resulting in 

overexpression of an unfused transcript (Fig. 3E).

Genetic screens in cultured cells

In cell culture systems, mutagenic transposons can be introduced into the genome by 

transfection of plasmid DNA harboring the transposon system components or by 

establishing a transgenic master cell line containing a genomically integrated transposon that 

is mobilized to secondary locations by transient transposase expression (Fig. 4). 

Transfection-based, “plasmid-to-genome” delivery (Fig. 4A) yields insertion profiles 

characteristic to the different transposon systems, as described above; however, careful 

titration of the amount of the donor and transposase plasmid is required to provide the 

appropriate copy number per cell of the transposon. Intra-genomic, “genome-to-genome” 

mobilization (Fig. 4B) enables tight control over copy number, but local hopping poses 

some limitation with respect to the fraction of the genome that can be efficiently 

mutagenized [45, 59] (described in more detail below).

Pluripotent ESCs are attractive models for in vitro mutagenesis, because i) it is possible to 

perform preselection of modified cell clones before generating mutant animals, ii) they can 

differentiate into many cell types including the germline, and iii) they are amenable to 

sophisticated genetic manipulations, including transposon mutagenesis. However, insertional 

mutagenesis in somatic cells is challenged by the diploid genome. Both copies of a gene are 

nearly always required to be inactivated to evoke a phenotypic change, but the probability of 

generating bi-allelic mutations of a single locus by two independent “hits” is extremely low. 

Moreover, long generation times hamper the efficient production of homozygous knockouts 

in mammals. The recent discovery of haploid mammalian ESC lines can aid recessive 

genetic screens in mammalian cells, and can serve as an efficient experimental system way 

to generate homozygous, heritable genetic modifications [75–77]. Importantly, haploid ESCs 

isolated from androgenetic embryos have been demonstrated to support the generation of 

germline-modified mice via intracytoplasmic injection into oocytes [77, 78]. Moreover, 

haploid ESCs can serve as a convenient tool to generate homozygous mutants by transposon 

mutagenesis on a genome-wide scale for functional gene studies [79].

PB transposons carrying mutagenic SA sites in both orientations have been used for 

generating large pools of mutagenized mouse haploid ESCs by the “plasmid-to-genome” 

delivery approach [80]. Libraries containing up to 20,000 mutant cell clones containing, on 

average, a single transposon insertion per cell were selected, and exposed to drugs including 

6-thioguanine and the Poly (ADP-Ribose) Polymerase (PARP) inhibitor olaparib, allowing 

the isolation of loss-of-function mutants of different mismatch repair genes and several 

mutant alleles of PARP superfamily genes, respectively [80]. Thus, haploid ESCs enable the 

isolation of knockout phenotypes in a single round of mutagenesis in a scalable manner. In 

another application, mutagenized haploid ESCs were screened for drug sensitivity 

phenotypes [81]. In this study ~100,000 mutant cell clones were generated by a gene trap PB 

transposon carrying an SA-IRES-neo cassette and a random barcode sequence, whose 
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recovery by next generation sequencing enables quantitation of the number of cells bearing 

each barcode, and hence each transposon insertion. These mutant cell pools were then 

exposed to 13 different drugs followed by an assessment of barcode abundance in order to 

identify mutations that conferred sensitivity to inhibitors of topoisomerases, PARP and 

HSP90 [81]. The feasibility of introducing large numbers of mutagenic transposon insertions 

has also been demonstrated in haploid ESCs established from rats by gene trapping with PB 

vectors carrying an antibiotic selection marker [82].

In order to pass a mutation through the germline and to establish a homozygous knockout 

animal, mutagenized and clonally expanded ESCs need to be introduced into a mouse 

embryo by blastocyst injection, followed by two rounds of breeding: the first to pass the 

genotype through the germline and the second to bring the mutant allele to homozygosity 

(Fig. 5). In addition to the application of haploid ESCs described above, another technology 

that allows for obtaining a homozygous knockout (and thus a phenotype) in a more 

straightforward manner is mutagenesis in spermatogonial stem cells (SSCs). SSCs can be 

cultured in vitro similar to ESCs, and an approach to insertional mutagenesis in rat SSCs 

was recently established by using SB gene trap transposons [83–85]. A fundamental 

difference to ESC-based technologies is that mutagenized SSCs can be directly transplanted 

to repopulate the testes of sterilized, wild-type recipient male rats, thereby bypassing the 

step of generating a chimeric animal. Thus, the SSC genome is passed on to transgenic 

offspring upon a single cross of the recipient males with wild-type females (Fig. 5). By 

using this approach, several mutant alleles have been tagged including genes implicated in 

metabolic disorders, cancer, neurological and behavioral disorders, fertility, developmental 

defects, cardiovascular and kidney diseases, gastrointestinal disorders, bone defects and the 

immune system (http://www4.utsouthwestern.edu/hamralab/ko_disease.htm). Since several 

aspects of physiology in rats has evolved more closely to humans than that of mice, 

transposon mutagenesis in SSCs has the potential to develop powerful genomic tools for the 

rat, offering the opportunity to create a bridge between physiology and genomics.

Functional genomics in zebrafish using Tol2

The Tol2 transposon system has been used to create transgenic animals in zebrafish [86], 

other fish species including tilapia, killifish and cichlid fish [87–89], mouse [90], chicken 

[91] and frog [92]. Also, Tol2 vectors have been used for transfection of foreign DNAs into 

mammalian cells including ESCs, iPSCs and human lymphocytes [86, 93, 94]. In addition, 

Tol2 vectors with a fluorescent marker or a transcription activator such as rtTA have been 

introduced to chick and mouse embryos by electroporation to label and analyze specific cell 

types in vivo [95, 96]. More recently, these led to the development of the Tol2kit [97], 

pTransgenesis [98], and MAGIC systems [99].

The most significant contribution of Tol2 has been to zebrafish research. Although 

transposons of the Tc1/mariner family, namely Tc3 [100], mariner [101] and SB [102], have 

been shown to transpose in zebrafish and transmit to next generations through the germ line, 

the transgenic efficiencies with these transposons were not sufficiently high to develop 

robust technologies in zebrafish. This situation dramatically changed when Tol2 was shown 

to transpose very efficiently in the zebrafish germ lineage [103]. To successfully perform 
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genetic screens such as gene trapping and enhancer trapping, it is required to create 

hundreds and thousands of transposon insertions efficiently in the genome since only small 

portions of insertions can give rise to transgenic fish with expression patterns of interest 

(Fig. 6). With the high transposition efficiency of Tol2, such screens became possible for the 

first time in zebrafish [51, 103]. Since then, Tol2-based transgenesis, including transfer of 

large DNA fragments such as BACs [104], became standard in the zebrafish research field. 

To date, numerous transgenic fish that express fluorescent markers or modified versions of 

the yeast transcription factor Gal4 have been generated and accelerated studies of 

developmental biology, organogenesis and neuroscience [105–107]. First, these transgenic 

fish are valuable to visualize specific cell types (Fig. 7). Since the body of a zebrafish larva 

is transparent through all developmental stages, such transgenic fish have been used to 

visualize the vascular system [108], the central and peripheral nervous systems [109, 110], 

the regenerating processes of the sensory system and fin [111, 112], the cellular process of 

muscle wound repair [113], and proteolytic cleavage of the extracellular domain of a 

membrane protein (Neuregulin) in the motor neurons [114], among others. Also, the 

transgenic fish were applied to image the activity of specific neuronal populations or 

endothelial cells by targeted expression of a calcium indicator GCaMP [115, 116]. In 

addition, gene trap vectors similar to those shown in Fig. 3B were applied to analyze and 

visualize the subcellular localization of hundreds of proteins [117, 118]. Second, with the 

Gal4-UAS system, these transgenic fish were used to modify functions of specific cells and 

tissues. Gal4-expressing specific cell types can be ablated by targeted expression of the 

nitroreductase gene and application of a prodrug which is converted into a toxic compound 

by the activity of nitroreductase [105]. Also, inhibition of specific neuronal populations have 

been performed by targeted expression of a neurotoxin gene [107, 119]. Third, when a 

transposon insertion landed within a gene, in some cases the function of the gene was 

disrupted and the mutant phenotype was analyzed [120, 121]. In sum, both Tol2 transposon-

mediated forward genetic approaches, including gene trapping, as well as reverse genetic 

approaches, including a functional analysis of a cloned regulatory element, a gene or cDNA, 

have greatly contributed to the development of the zebrafish research.

Gain-of-function and loss-of-function screens for cancer in mice

Cut-and-paste DNA transposons, including SB and PB, have been used to introduce random 

insertion mutations in tissues of mice for the purpose of inducing cancer and identifying 

cancer genes [122] (Supplementary Table 1). These studies were initially motivated by older 

research showing that some retroviruses could establish chronic infections in animals and 

induce the formation of cancer via insertional mutagenesis [123]. These so-called “slow 

transforming retroviruses” (retroviruses that cause tumors after a latency period of 3–9 

months [124]) can induce mammary tumors, leukemia, lymphoma and certain other types of 

cancer in sensitive species. The integration of the provirus causes the specific genetic 

damage that induces these cancers. Integration of a provirus can cause the activation of 

endogenous oncogenes, and indeed this is the most common type of specific genetic damage 

observed in these cases. In other rarer instances, the integrated provirus disrupts expression 

of endogenous TSGs. In the vast majority of infected cells, proviral integration has no 

consequence for the infected cell, while in rare cells proviral activation of an endogenous 

proto-oncogene or inactivation of a TSG begins the process of cancer development. The 
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cancer develops via subclone selection of progressively more malignant cells that have 

additional cooperating mutations, some of which are also due to proviral insertional 

mutagenesis. Recurrent proviral insertions in the same genomic regions are observed in such 

cancers because they are selected for from among millions of insertions that cause no 

phenotype. These recurrent proviral insertions are called “common insertion sites” or 

“common integration sites” (CIS). The study of slow transforming retroviruses helped 

identify some of the first cancer genes such as Myc and Myb, but had some limitations as 

experimental tools. First, these viruses and the cancer they induce were found and not 

created. Second, slow transforming retroviruses were limited to induce only certain forms of 

cancer, including mammary tumors [by Mouse Mammary Tumor Viruses (MMTV)], or 

hematopoietic cancers [by Murine Leukemia Viruses (MuLV)]. Thus, when SB became the 

first cut-and-paste DNA transposon available for use in vertebrate models scientists quickly 

attempted to use it to create models of a wide variety of cancers induced by insertional 

mutagenesis. As with the slow transforming retroviruses, cancer models induced by 

transposon mutagenesis allow identification of specific cancer genes at CIS.

MuLV and MMTV have enhancers, promoters and SDs that can activate nearby or 

downstream endogenous proto-oncogenes upon insertion. They also have SAs and pA sites 

that can disrupt endogenous TSGs. Thus, such sequences were incorporated into SB and PB 

vectors mobilized body-wide or tissue-specifically for cancer gene identification using these 

transposons. The vectors for somatic cell transposon mutagenesis have included a strong 

promoter (CAGS or the U3 and R region of the Murine Stem Cell Virus long terminal 

repeat) and SD and two SAs (one in each orientation) and a bidirectional pA site [122]. In 

this way, transposon insertion can cause activation of endogenous proto-oncogenes or 

inactivation of TSGs (Fig. 3D, E).

SB and/or PB somatic cell transposon mutagenesis has been used to discover genes and 

genetic pathways that, when altered, can cause cancer in many different settings 

(Supplementary Table 1). Using tissue-specific expression of the transposases, generally 

using Cre-LoxP regulated transgenes, it has been possible to induce or accelerate the 

development of a variety of types of cancer from tissues representing all three germ layers 

including carcinomas, sarcomas, tumors of neuroepithelial origin, and various hematopoietic 

malignancies including B cell, T cell and myeloid leukemias [122]. These studies have 

recovered recurrent mutations in well-known cancer driver genes as well as novel genes. 

They have revealed drivers that act in tissue-specific manners or are more ubiquitously 

altered. The effects of various endogenous and exogenous factors on the spectrum of 

mutations that are selected for has also been determined. This includes the effects of Trp53 
and other background gene mutations, liver damage from Hepatitis B virus gene expression, 

and sex on liver tumor development [125–129]. Ongoing unpublished studies will reveal the 

effects of fatty liver disease and liver fibrosis on the selective pressures for liver tumor 

development in mice.

In addition to getting information on how the context of tumor development (the identify of 

the initiating mutation, sex, and nature of pre-existing tissue damage) affects the gene 

mutations that are selected for, SB transposon mutagenesis has revealed candidate genes and 

pathways that influence the chance of metastatic disease [130] or the evolution of treatment 
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resistance [131]. These are exciting new directions for cancer transposon mutagenesis. It 

would be highly desirable to use this system to understand the molecular and genetic basis 

of specific cancer traits, rather than just drivers of cancer initiation and primary tumor 

progression. So, SB mutagenesis should be married to new metastatic, genetically 

engineered mouse models and approaches for treating these models with the myriad 

therapies that human patients receive. The outcome will be unprecedented insight into what 

genetic changes can allow tumor cells to survive the selective pressures of the process of 

metastasis and development of treatment resistance. With this understanding may come 

methods to reverse the effects of these genetic adaptations.

Other advances in transposon mutagenesis for cancer are being made. New methods for 

recovery of the transposon insertions have allowed more scientists to recover more of the 

insertions that are present, and to determine their relative abundance within the tumor more 

accurately. Shear-splink and similar methods result in a more accurate association between 

the number of times a specific insertion is read and the true abundance of that insertional 

mutation within the tumor clone [132]. Thus, “trunk” mutations that occurred early in tumor 

development can be distinguished from “branch” mutations that may have caused 

progression. Single cell transposon insertion site recovery allows even better resolution for 

studies like these [133]. RNA sequencing-based transcriptomics is being applied to SB 

transposon-based models, and this reveals the tumor gene expression profile as well as the 

identity of genes altered by transposon insertion [134]. The transposon is designed to create 

fusion transcripts, initiated within the transposon and splicing from the SD to downstream 

exons, or initiated by cellular promoters and splicing to one of the transposon SAs (Fig. 3D, 

E). RNA sequencing powerfully allows one to associate specific genetic alterations with 

phenotypes that can be inferred from tumor gene expression profile, such as degree of cell 

cycle activation, white blood cell infiltration and others. Other advances in somatic cell 

transposon mutagenesis might be made by alterations to the design of the transposon so that 

it could reveal new classes of cancer genes. For example, transposon vectors designed to 

influence the local epigenome or result in local mutagenesis could be imagined. Other 

alterations to the transposase transgene could improve somatic cell transposon mutagenesis 

studies. For example, it would be helpful to be able to turn transposition on and then off 

again in mice. SB-induced or -accelerated tumors resulting from a “pulse” of transposase 

expression and transposon insertional mutagenesis may have far fewer transposon insertions 

and would thus be easier to interpret from a genetic perspective. Moreover, a “silent” empty 

transposon with no promoter, SAs or pA sites could be mobilized at a single point in time 

for lineage tracing. Thus, any cells that shared identical transposon insertions can be inferred 

to be descendants of a single cell that was present at the time of the pulse of transposase 

expression. New innovations such as these, and screens for more specific cancer-related 

traits, will make somatic cell transposon mutagenesis studies for cancer more and more 

valuable.

Concluding Remarks and Future Perspectives

Transposon-based technologies have enormous potential to develop powerful genomic tools 

with the vision of creating a bridge between physiology and genetics. As described in this 

article, it is now routine to create libraries of gene knockouts and to thereby establish new 
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animal models of human disease for therapeutic and pharmaceutical intervention. The use of 

ESCs and SSCs allows for the generation of complex insertion libraries that can be screened 

for phenotypes either in vitro or in vivo upon transplantation into animals. Mutagenic 

transposon vectors can also be directly introduced into animal models, either by 

microinjection of the transposon components into early embryos or by mobilizing 

chromosomally resident transposons upon crossing of transgenic animal stocks encoding the 

different components of the transposon systems. One recent addition to the transposon 

toolbox is the Helraiser transposon that has been resurrected from ancient Helitron elements 

in the bat genome [135]. The fundamental difference to all other transposons that were 

described in this article is that Helitron elements transpose through a “copy-and-paste” 

reaction, in which the donor element does not excise, but it generates progeny that integrates 

elsewhere in the genome. Since the progeny can also act as donor in subsequent rounds of 

transposition, one could theoretically achieve very high copy numbers in experimental 

settings (either in cultured cells or in animals) starting from a single donor element that will 

amplify in the genome over time.

Other, alternative methods for gain-of-function or loss-of-function screens include the use of 

cDNA or short hairpin RNA (shRNA) libraries and the CRISPR/Cas9 system, a novel 

powerful tool for genome editing [136]. Cas9 derivatives lacking endonuclease activity have 

been engineered to promote transcriptional repression [137] or activation [138] of target 

genes when coexpressed with gRNAs. One major advantage of transposon-based insertional 

mutagenesis is, owing to the genetic elements within the transposons that can both intercept 

and promote transcription, the ability to generate compound phenotypes that depend on a 

given combination of collaborating loss-of-function and gain-of-function mutations in the 

same cell. In contrast, shRNA, cDNA and CRISPR/Cas9 screens allow for identification of 

either loss-of-function or gain-of-function, but not both at the same time [139]. Another bias 

of shRNA and CRISPR/Cas9 screens is that shRNAs and gRNAs are designed to target 

specific sequences. Thus, these screens are inherently biased by design.

Considering saturation of the genome and the range of phenotypes that can be generated by 

transposon-based screens, an important technical consideration is integration bias, which is 

governed by at least two factors: i) the intrinsic selectivity of each transposon system that 

can result in overlapping yet different genome-wide profiles of insertion and ii) the different 

patterns of insertion depending on whether transposition is “plasmid-to-genome” or 

“genome-to-genome”. Since transposons tend to have different integration preferences on 

both a local as well as on a genome-wide scale, applying multiple transposon systems in a 

complementary fashion may extend the range of genes that can be mutagenized by 

transposon insertions. Indeed, cancer screens based on SB (that displays an almost random 

integration profile in both mouse and human cells [39, 43]) might more frequently recover 

TSGs, wheres screens with PB [140, 141] (that displays a preference towards integration 

into TSSs [43]) might more frequently recover oncogenes.

Target site selection properties of transposons can be markedly different when transposition 

is launched from a chromosomal site, and are governed by „local hopping”. Local hopping 

describes a phenomenon of chromosomal transposition, in which transposons have a 

preference for landing into cis-linked sites in the vicinity of the donor locus [142], and 
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seems to be a shared feature of transposons [45, 55, 60–62]. Local hopping can be a limiting 

factor in mutagenesis using chromosomally resident transposons, because i) it limits the 

chromosomal regions accessible to a transposon jumping out of a given chromosomal site, 

and ii) the donor chromosome containing the parental transposon concatemer has to be 

excluded from downstream bioinformatic analysis of integration sites. Thus, to probe all 

chromosomes by chromosomally located transposon donors, more than one transposon 

mouse strain has to be used [140]. Nonetheless, local hopping enables saturation of 

chromosomal regions with insertional mutations [59, 65].

In vivo transposon mutagenesis in the context of cancer screens requires up to four 

transgenic alleles (i.e., the transposon, the transposase, a Cre recombinase allele and a 

cancer-predisposing allele) to accelerate tumorigenesis in a tissue-specific manner in a 

sensitized background. Generating and maintaining compound mutant mouse strains is time 

consuming and costly, prompting alternative ways of utilizing the transposon systems. 

Molyneux and colleagues transduced immortalized primary human bone mesenchymal cells 

with a lentivirus harboring the elements of a mutagenic SB transposon, and, when injected 

into mice, the transplanted cells produced myxofibrosarcomas [143]. Thus, there is 

precedent for in vitro cell-based mutagenesis followed by in vivo phenotyping, but cancer 

screens fully based on in vitro mutagenesis coupled to a cell-based functional readout have 

thus far not been reported.

In cancer cells, loss of mRNA and protein expression can occur without any obvious genetic 

alteration in corresponding protein-coding regions. Only 2% of the mammalian genome 

encodes protein-coding genes; however, the non-coding portion of the genome, both 

transcribed (e.g., microRNAs, long non-coding RNAs) and non-transcribed (e.g., 

enhancers), plays crucial roles in physiology and pathology. However, transposon-based 

cancer mutagenesis screens predominantly have relied on mutagenizing protein-coding 

genes [53], and have barely scratched the surface of the non-coding genome. Advanced 

vector designs specifically tailored to tap into the non-coding sequence space are therefore 

expected to significantly extend our abilities to discover and annotate novel pathways that 

play a role in tumorigenic transformation (See Outstanding Questions).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

GLOSSARY BOX

reverse genetics
addressing the function of a gene by mutagenizing the gene and assessing its phenotypic 

consequence

forward genetics
identifying mutant phenotypes in screens and then linking these phenotypes to mutations in 

particular genes

loss-of-function
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typically a knockout the gene is not able to carry out its normal task in the cell

gain-of-function
overexpression of either the gene product or a variant of it that generates a dominant 

phenotype

ectopic
the gene is expressed at the wrong place and/or at the wrong time

cryptic splice sites
DNA sequences that resemble canonical splice sites and can be recognized by the splicing 

machinery

conditional
expression of a gene that can be regulated at the spatio/temporal level

protein-induced deformability
the ability of DNA to change shape when bound by a protein

internal ribosome entry site
an RNA sequence that allows for translation independent of a cap at the 5′ end of mRNAs

nonsense-mediated RNA decay
a surveillance mechanism that eliminates mRNAs that contain premature stop codons

tumor suppressor gene
a gene that protects the cell from cancer

oncogene
a gene that can cause cancer

local hopping
a preference for transposition into cis-linked sites in the vicinity of the donor locus

androgenetic
an embryo that contains chromosomes only from the male parent

barcode
a short nucleotide sequence that uniquelly labels a DNA or RNA molecule

Gal4-UAS system
A binary transcriptional regulatory system from yeast to activate gene expression in a 

heterologous species. Gal4 is a transcriptional activator and UAS (upstream activating 

sequence) is its binding site. A gene placed downstream of the UAS is activated in cells 

expressing Gal4

driver mutation
a mutation of a gene that is causally involved in oncogenesis
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TRENDS BOX

Transposons are mobile genetic elements with the unique ability to change their position 

in the genome.

Because transposon integration can occur at vast numbers of locations in the genome, 

transposition is inherently mutagenic.

An entire array of sophisticated mutagenic and reporter cassettes have been established. 

Both loss-of-function and gain-of-function phenotypes can be induced by insertions of 

transposons carrying such cassettes.

Transposon-based functional genomics approaches have uncovered genes and genetic 

pathways in many areas of physiology and pathophysiology, including embryonic 

development, drug sensitivity and resistance and neurobiology.

Transposon forward mutagenesis has mainly been done in mice, on a variety of cancer-

predisposing genetic or environmental backgrounds, for many types of cancer, and for 

cancer drug resistance mechanisms.
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OUTSTANDING QUESTIONS BOX

• Can gene tagging/mutagenesis screens be efficiently conducted in all cell/

tissue types? Are there limitations?

• Can technologies be devised to obtain control over transposon copy number? 

Can transposon copy number be fine tuned? In all screens excess copies of the 

insertional mutagen can complicate assignment of genotype-phenotype 

linkage.

• Could cancer screens, including phenotyping be done in vitro? How 

restrictive would such screens be with respect to biologically relevant 

conclusions?

• One of the next challenges is to link transposon-induced tumor genotype to 

specific cancer phenotypes such as metastasis and treatment resistance.
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Figure 1. Mechanism of cut-and-paste transposition
The transposon is a self-contained mobile genetic element containing a transposase coding 

sequence (orange box) flanked by terminal inverted repeats (TIRs; thick black arrows on the 

left and right). Transcriptional regulatory elements, including a promoter (small arrow) and 

polyA site (light blue box) regulate the expression of the transposase (orange spheres). 

Transposase molecules bind to the TIRs and catalyze the movement of the transposase to a 

new chromosomal location.
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Figure 2. Possible mutagenic consequences of transposon integration in or close to a 
transcription unit
(A) The figure depicts a hypothetical transcription unit with a promoter (red arrow), three 

exons (yellow boxes) and a polyA signal (pA, light blue box). Splicing is indicated by 

dashed lines between the exons. (B) Transposition into an exon disrupts the coding sequence 

of the gene. Transposition into an intron may result in expression of a sense (C) or antisense 

(D) transcript from the transposon’s promoter. (E) Cryptic splice sites present in the 

transposon sequence may result in the generation of truncated transcripts. (F) Transposon 

insertions at the 5′-transcriptional regulatory region of a gene may introduce an alternative 

transcription start site or may override the transcriptional program of the gene’s endogenous 

promoter. (G) Transposon insertion in the 3′-UTR of a gene may introduce an alternative 

pA.
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Figure 3. Mutagenic cassettes
(A) A hypothetical transcription unit is depicted with an upstream promoter (red arrow), 

three exons (yellow boxes) and a polyadenylation signal (pA). An intronic transposon 

insertion is typically not mutagenic, because the transposon is spliced out from the primary 

RNA transcript together with the targeted intron sequences, thereby resulting in normal gene 

expression. (B) Gene trapping cassettes contain a splice acceptor (SA) followed by a 

reporter gene and a pA. The SA truncates the transcript, and expression of the reporter 

follows the expression pattern of the trapped gene. (C) Poly(A) traps contain a promoter 

followed by a reporter gene and a splice donor (SD) site, but they lack a pA signal. 

Therefore, reporter gene expression depends on splicing to downstream exon/s of a Pol II 

transcription unit containing a pA. (D) The oncogene trap contains SA signals in both 

orientations and a bidirectional pA signal to disrupt transcription, as well as a strong, viral 

enhancer/promoter (thick orange arrow) that drives transcription towards the outside of an 

inserted transposon, and thereby overexpresses a gene product. In case this transposon lands 

in the 5′ transcriptional regulatory region of a gene (E), a full-length transcript might be 

overexpressed.
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Figure 4. Experimental mobilzation of transposons
(A) Plasmid-to-genome mobilization. The transposon is typically mobilized out of 

transfected plasmids upon transient expression of the transposase. (B) Intra-genomic 

mobilization. Upon transposase expression, the genomically located transposon will be 

excised from the donor site and re-integrate at a different genomic location.
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Figure 5. Generation of knock-out animals by insertional mutagenesis in embryonic and 
spermatogonial stem cells
Cultured embryonic stem cells (ESCs) or spermatogonial stem cell (SSCs) are transfected 

with mutagenic transposon and transposase constructs that will lead to thousands of 

transposon insertions covering all chromosomes. Those cells, in which insertions occurred in 

genes can be selected based on activation of a reporter, and the insertion sites can be 

mapped. Clonally derived ESCs are transplanted into mouse embryos that will develop into 

chimeric animals that need to be crossed with wild-type (WT) animals to derive F1 

heterozygotes. An F1 intercross will yield F2 homozygotes, in which a phenotype can be 
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studied. SSC clones or polyclonal insertion libraries can be directly transplanted into the 

testes of sterile males, in which the spermatogonial step cells will undergo spermatogenesis. 

These transplanted males are crossed with WT females to pass the insertions through the 

germline and generate transgenic/knock-out animals.

Kawakami et al. Page 28

Trends Genet. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. A scheme for gene and enhancer trapping for the Gal4-UAS system
A gene trap or an enhancer trap construct containing gal4 is injected into fertilized eggs with 

the transposase mRNA. Injected founder fish are raised and mated with UAS:GFP reporter 

fish. When gal4 is expressed under the control of an endogenous promoter/enhancer, GFP 

expression is induced in the F1 embryos via the Gal4-UAS system. Double transgenic F1 

embryos express GFP in spatially and temporally restricted fashions may be picked up.
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Figure 7. Transgenic fish with specific gal4/gfp expression patterns
(A) Blood vessels in gSAIzGFF478A embryos at 3 days post-fertilization (dpf) [108]. (B) 

Central nervous system (cerebellum) in SAGFF128A embryo at 5 dpf [109]. (C) Central and 

enteric nervous system in SAGFF234A at 5 dpf [110]. (D) Lateral line glial cells in 

gSAGFF202A at 5 dpf [111]. (E) Caudal trunk (and the wound epidermis) in HGn21A 

embryo at 1 dpf [112]. (F) Fgf7b-positive muscle cells in gSAIzGFFD164A at 1 dpf [113]. 

(G) Central nervous system and motor neurons in the spinal cord in SAIGFF213A at 1 dpf 

[114]. (H) Calcium imaging of the pretectal neurons while a larva recognizes a paramecia 

(prey) [115].
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