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Abstract

We review here some recent developments in the field of insertional mutagenesis in zebrafish.
We highlight the advantages and limitations of the rich body of retroviral methodologies, and we
focus on the mechanisms and concepts of new transposon-based mutagenesis approaches under
development, including prospects for conditional ‘gene trapping’ and ‘gene breaking’ approaches.

Introduction

The human genome contains over 20,000 predicted genes as
well as an array of conserved noncoding genetic information
[1], which will have to be functionally validated employing a
variety of model systems. Traditional vertebrate model
systems such as mouse have now been complemented by an
array of genetically tractable organisms, including rat, the
diploid frog Xenopus tropicalis, and zebrafish (Danio rerio).

The mouse has been the traditional ‘Cadillac’ of vertebrate
models because of its mammalian nature, its rapid breeding
time, and the extensive molecular genetic tools that have
been developed for use in this animal. In addition, the
unique development of embryonic stem (ES) cells for
targeted genetic modification using homologous recombina-
tion, along with new recombineering techniques, now allow
one to manipulate fully the genome of this organism [2].
Insertional methods for genetic modification and gene
disruption have been developed extensively for this orga-
nism, largely focused on the advantages of working with ES
cells in vitro prior to the necessary and laborious whole
organism studies. The latter work makes the mouse a
relatively expensive and complex model organism to use,
and this limitation makes in vivo genome-wide genetic
approaches impractical in many important scientific

scenarios. To address this need, several vertebrate systems
complementary to those of the mouse have been developed,
as illustrated by the zebrafish Danio rerio. It is noteworthy
that the insertional approaches now being deployed for the
latter system would be especially appropriate methodology
for genome modification of other important model
vertebrates that lack ES cells, such as rat and pig.

Advantages of the zebrafish include its external fertilization,
high fecundity, rapid development, production of optically
clear embryos, and relatively short generation time for a
vertebrate [3]. These qualities, in addition to the high degree
of genetic conservation [4-6] reflected in the developmental
gene pathways and regulatory mechanism, contribute to its
emergence as a model for obtaining insights into fundamental
human physiology. Current established forward genetic tools
for the zebrafish include chemical (N-ethyl-N-nitrosourea
[ENU]; for review [7]) and insertional (retroviral [8-11])
mutagens. Reverse genetic methods include morpholino anti-
sense oligonucleotides [12] and targeted lesion detection, called
TILLING (targeting-induced local lesions in genomes) [13].

Chemical mutagenesis using ENU has been key to
establishing the zebrafish as a forward genetic model system.
ENU produces random point mutations in the germline, and
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these single base pair changes result in a high frequency of
mutant phenotypes (for review [7]). Multiple large-scale
chemical mutagenesis screens using ENU [14,15] have
successfully produced and characterized an impressive
collection of zebrafish mutants that affect various biological
processes. In spite of the high efficiency in generation of
point mutations, the major limitation in this approach is the
identification of genes whose mutations are responsible for
the particular phenotype [16]; the identities of the mutated
genes have been reported for about 154 chemically induced
mutations out of approximately 1,740 mutants recovered
from the two large-scale chemical mutagenesis screens [17].

An alternative approach is insertional mutagenesis [18], in
which an exogenous DNA serves as a mutagen and also
functions as a molecular tag for identifying the gene whose
disruption causes the phenotype. One effective mutagen for
zebrafish is the pseudotyped retrovirus, which is composed
of a genome based on the Moloney murine leukemia virus
and the envelope glycoprotein of the vesicular somatitis
virus [8,19]. Injection of this retrovirus into 1,000-cell to
2,000-cell stage zebrafish embryos [19] results in chimeric
embryos in which different cells have integrations of the viral
sequences in different random sites in the genome. By
passing these insertions through the germline and inbreeding
them, one finds that about 1 in 80 of such insertions result in
mutant phenotypes. This method has been used successfully
in zebrafish in a large-scale forward genetic screen,
identifying more than 500 mutations and about 350 loci; the
insertional nature of the mutagen facilitated the rapid
molecular characterization of the genetic loci, with 335
cloned to date [8-11]. One major challenge to the field has
been the inability to develop a similarly mutagenic, high-titer
retrovirus with robust expression [17,20,21]; this limitation
has hindered the generation of expression based mutagenic
retroviral vectors for the zebrafish.

Recent new initiatives in zebrafish include enhancer [21-24]
and gene trapping [25] approaches. Enhancer trapping has
been an integral part of the Drosophila genome project [26],
suggesting that this and related methodologies should
provide additional means for deciphering gene function in
zebrafish. However, enhancer trapping, unlike gene trap-
ping, is not expected to enrich for mutations because inserts
need not be in genes nor disrupt them. Indeed, in zebrafish
no enhancer or gene trap vectors have yet yielded any
phenotypic mutants [22,23,25,27,28].

To address the limitations of mutagenicity found in
enhancer trapping and related approaches, in one recent
study [29] the investigators used a modified vector dubbed
the ‘gene break’, named after a human insertional mutation
mechanism [30]. This approach confers new capabilities
upon insertional vectors in zebrafish; when integrated into
an intron this cassette can direct all or nearly all splicing into
the reporter construct and thereby quantitatively terminate
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transcription of the endogenous gene. This vector could be
used in zebrafish in vivo for genome-wide forward and
reverse genetic applications. In this review we compare
published zebrafish insertional mutagenesis strategies. In
addition, we discuss how new tools can be developed to
complement those developed in mouse for conditional
mutagenesis and chromosomal engineering applications to
untap the genome-wide screening potential found in the
zebrafish model system.

Insertional mutagenesis: history and perspective
Insertional mutagenesis in vertebrates has a rich past using
many vectors and approaches. The most prominent tool for
delivering DNA as a mutagen is based on an engineered viral
vector. Newer methods include the use of transposons (see
below) and other methodologies restricted to mouse ES cells
that harness those cells’ uniquely high (in vertebrates) activity
homologous recombination machinery (such as MICER and
other tools; for review [2]). This review focuses on methods of
general interest to the broader vertebrate genetics community
and is based on the extensive literature with viruses, while also
providing a trajectory for the next generation of transposon-
based vectors, especially those in active use in zebrafish.

One key issue for all insertional methods is the mechanism
of mutagenicity. Insertion of DNA into most locations on a
vertebrate genome has little or no effect on any gene or gene
product. However, and regardless of vector deployed,
random insertion of DNA into a genome will, at a modest
frequency, result in the disruption of an exon (Figure 1a).
The vector independent potential consequences on the
genetic locus of such an insertion event are many. First, the
insertion may prematurely end the coding region by
introducing a premature stop codon, truncating the resulting
protein product (Figure 1a). Other consequences can mani-
fest at the RNA level, resulting in a destabilization of the
transcript such as through nonsense mediated mRNA decay.

The ability of a vector to cause exon disruption is a function
of many different variables, including the frequency of exons
encoded by the genome, the insertion site bias (or lack
thereof) inherent in the vector, and the availability of such
sequences to insertion by the mutagen. As exons tend to
encode only 1% to 2% of most vertebrate genomes [1], the
basal rate of inducing genetic modification by exon disrup-
tion is typically very low. Strategies for further increasing the
rate of gene inhibition over this basal mechanism, often
using vectors in which mutagenic insertions can be enriched
by selection, as well as conditional allele generation
strategies, are described below.

Retroviral insertional mutagen in zebrafish
The most extensively studied insertional mutagen to date in
zebrafish is the pseudotyped retrovirus [8-11,31,32]. These
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Figure |

Insertional mutagenesis strategies used in vertebrates. In each case, a schematized endogenous locus is represented by exons (E) and an endogenous
regulatory element. A nonintegrated vector is also shown above, with integrated vector below. Transcriptional start sites are shown as an arrow above
each diagram. (@) Integration of DNA into a coding exon can mutate the locus, resulting in a truncated gene product. (b) Retroviral insertional
mutagenesis alters the tagged locus using multiple methods, including the loss of the encoding transcript. (c) 5’ gene trapping in mouse embryonic stem
cells. Shown is one approach whereby the resulting fusion transcript encodes a truncated gene product fused to the selectable marker protein.

(d) Insertional mutagenesis in zebrafish using transposons. Based on 3’ exon or poly(A) trapping methods, this approach uses two components: a
transcriptional termination cassette to truncate the integrated locus and a separate 3’ exon trap gene finding cassette. See text for details. pA,

polyadenlyation signal; SA, splice acceptor; SD, splice donor.
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retroviral vectors have been used to molecularly characterize
more mutations to date in zebrafish than all other methods
combined [17]. This tool is being further deployed in a
reverse genetic approach by Znomics, Inc. (Portland, OR,
USA) [33], a project in which tens of thousands of insertions
are being mapped to the genome and are individually
recoverable through cryopreserved sperm.

Retroviruses appear to cause mutations in zebrafish by
several major mechanisms, including exon disruption
(Figure 1a) and gene silencing caused by insertion into an
intron (Figure 1b). Nearly 30% of mutagenic insertions
recovered from a large-scale mutagenesis screen were in
exons, although about half of these are in 5’ untranslated
regions [32]. In all cases examined, such insertions lead to a
complete loss of wild-type gene product [11] (Amsterdam A,
unpublished observations). Most of the other 70% of
mutagenic insertions are in introns (with the last few in
promoters). In part because of a preference of Maloney-
based viruses to insert near to the 5 end of genes [34,35],
most of these insertions are in the first intron. For reasons
that are not clear, these insertions usually result in the
reduction or complete abrogation of endogenous RNA
expression [11] (Amsterdam A, unpublished observations).
Intronic insertions can also lead to aberrant splicing,
resulting in skipped exons and either frameshift mutations
or internally truncated gene products [36-38]. Another way
in which intronic insertions can be mutagenic is illustrated
by one of the viruses used in this screen employing a ‘splice-
in, splice-out’ gene trap [39], which causes a frameshift in
the subsequent exon. Although mRNAs containing this
trapped exon are found only in a modest subset of the cases
in which the virus has inserted into an intron in the correct
orientation to be utilized, this may be due either to
nonsense-mediated mRNA decay or to general loss of gene
expression, as is seen in other intronic insertions. For this
gene trap virus, but not for a virus that lacks the gene trap,
there is a bias toward the trap orientation among mutagenic
insertions that have landed in introns past the ATG
(Amsterdam A, unpublished observations), which is consis-
tent with the trap contributing to mutagenicity of this virus,
even in cases in which trap containing messages are not
observed.

Gene trapping: tapping the rich history of
insertional mutagens in mouse embryonic stem
cells

The genetics of the murine system has been revolutionized
by in vitro ES cell culture, which allows one to modify and
confirm the resulting genetic changes induced in these
totipotent cells prior to the laborious and slow downstream
in vivo studies. Many approaches to the genetic modification
of ES cells have been deployed, including the addition of
DNA by electroporation, viruses, and transposons. For
example, a recent method for insertional mutagenesis in
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mice using gene trap transposons has recently been reported
[40]. For the sake of simplicity, here we highlight the body of
work done largely using retroviral vectors (extensive reviews
of this topic are provided elsewhere [2,41]).

One major distinguishing feature of insertional mutagenesis
in ES cells described here from that of the retroviral in vivo
work in zebrafish is the fundamental requirement for
expression-compliant modifications; in each case, there is a
selection process employed to distinguish modified from
unmodified cells in vitro. ES cell technology offers the ability
to conduct genome-wide analyses through clonal selection,
rapid amplification of cDNA ends (RACE) analyses, and ES
cell cryopreservation. The major bottleneck in mouse
genomics is the significant investment in resources required
to study even a single gene in vivo in this model system.

One key method pioneered in ES cells uses an expression-
based approach called promoter or 5’ gene trapping (Figure
1¢) [2,41]. Five prime gene traps combine the potential of
highly efficient mutagenesis with the ease with which the
mutant loci can be cloned. Five prime gene trap vectors
typically contain a splice acceptor immediately upstream of a
promoterless reporter used for ES cell selection (such as
Bgeo). Integration of the gene trap vector in a promoter,
exon, or intron of transcriptionally active loci can generate a
fusion transcript between the upstream coding sequence and
the reporter (Figure 1c). With a high efficiency splice
acceptor and poly(A) signal serving as an artificial 3’
terminal exon, this trap can disrupt the expression of the
trapped locus by inducing truncation of the ‘hijacked’
transcript [2,41-44]. The fusion transcripts generated by
gene trap integration also serves as templates for identifi-
cation and cloning of the disrupted gene, using a polymerase
chain reaction based technique called 5° RACE. One key
mutagenicity mechanism in nearly all gene trapping
methods is the ability to truncate transcription at the point
of insertion, which is achieved by the inclusion of a high
quality transcriptional termination cassette. Without such a
module, splicing around the trap can readily occur, thus
resulting in an insertion without effectively knocking out
function at the insertion locus.

Limitations of this basic method include the requirement for
endogenous expression of the locus in ES cells. This vector
system can be used to help identify endogenous, tissue-
specific expression, but only after differentiation of the ES
cells in vitro or after the generation of the transgenic animal
from these modified ES cells. Furthermore, because the trap
vector insertion can occur in any one of the three reading
frames, only one-third of the loci that are in the correct
reading frame to yield a functional reporter fusion protein
will be identified using this method.

A rich array of modified gene traps have now been generated
to help address some of these and other limitations of the
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original gene trap design for use in ES cells [2]. An example
approach known as poly(A) trapping [2,41,45-49] is the
panel of insertions generated by Lexicon Pharmaceuticals
[50]. In this example, a 5-style gene trap as a mutagenicity
cassette and a 3’ gene trap are used to enrich for intragenic
insertions, regardless of the expression status of the locus in
ES cells (Figure 1d; see below for a detailed description of a
related approach deployed in zebrafish). The 3’ gene trap
consists of a constitutive promoter/enhancer that drives the
expression of a reporter gene that contains a downstream
splice donor instead of a polyadenylation signal (poly(A)
signal). Integration of the 3’ gene trap vectors in the proper
cis orientation results in a spliced poly(A) signal from the
endogenous gene. This generates a stable fusion transcript
between the vector derived reporter and the downstream
exons of the trapped gene, resulting in functional reporter
expression. Therefore, insertions with viable reporter
expression are enriched for intragenic events. The fusion
transcript also serves as a template for identification and
cloning of the trapped genes by 3’-RACE. Because trapping
does not depend on the expression status or relative
abundance of the endogenous transcript, nearly all genes in
an organism should be available for screening using this
approach, which is a key advantage of 3’ gene traps over 5’
gene traps. Despite the inclusion of the 3’ gene trap
component in this vector, the primary mutagenicity mecha-
nism for the Lexicon ES cell panel is thought to be due to the
inclusion of the 5’ transcriptional termination cassette in cis
to the 3’ gene trap [50].

Transposon-based insertional mutagens in
zebrafish

Two groups have employed different 5’ gene trap vectors in
zebrafish. In the first case, the trap was not necessarily used
for selection but possibly to increase the mutagenicity of the
retroviral vector described in the previous section for
insertional mutagenesis [39]. This vector utilized a splice-in,
splice-out vector, similar to the basic gene trap design used
for mouse ES cells (Figure 1c), with intronic insertion in the
correct orientation inducing a frameshift and probably
causing either a truncated protein or a loss of gene product
due to nonsense-mediated mRNA decay. The inclusion of
this gene trap cassette in the retroviral forward genetic
screen did successfully generate some additional mutations
in this screening work, but the overall mutagenicity rate of
the trap containing vector was not dramatically different
from that of a non-trap-containing virus [9-11]. Because this
trap lacked an easily detectable reporter, it was not useful for
screening strategies that specifically select trapped inser-
tions for further breeding.

A 5 gene trap containing a splice acceptor and the green
fluorescent protein (GFP) gene was used in a Tol2 based
transposon insertional study in zebrafish [25]. Integration of
the gene trap in the proper orientation and reading frame
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resulted in GFP expression in temporally and spatially
restricted patterns. Using this approach it was shown that
endogenous transcripts could be successfully trapped.
However, in the only case examined, expression of the
endogenous locus was only reduced fourfold, implying that
the trap could be spliced around at levels that may allow
phenotypic consequences to be avoided. In this study, thirty-
six trapped lines were homozygosed with no visible pheno-
types, but because only about 5% of zebrafish genes may
show embryonic phenotypes when mutated, this is not
enough lines to conclude whether this type of gene trap can
reliably mutate genes. Paradoxically, the experience of
mutagenic retroviral insertions suggests one potential
hypothesis for why this sort of gene trap may not be a very
effective mutagen. Because many insertions in introns (the
type of insertion required to activate this trap) can abrogate
or severely reduce gene expression, it may be that many such
insertions are not detected as trap events because the GFP
reporter cannot be visualized in the absence of expression of
the endogenous gene. It may therefore be a subset of
intronic insertions that are selected, namely those that do
not have an appreciable impact on expression of the locus; in
these cases, if sufficient message is able to splice around the
trap, then phenotypes might not be observed. A careful
analysis directly comparing the effects on gene expression of
trapping cassettes that have inserted into a given locus that
either do or do not express the trap reporter will be required
to determine whether this explanation might account for the
modest mutagenic success noted for conventional 5’ gene
traps in zebrafish.

Recently, a combined 5™-3° gene trap (‘gene breaking’) vector
was developed to trap genes in zebrafish [29], in a method
similar to the Lexicon traps described for ES cells in the
previous section. We use the newer term ‘gene breaking’
[30] to emphasize the dual module nature of this approach,
which includes a 5 transcriptional terminator cassette to
mutate the gene in concert with 3’ gene trapping as an
alternative strategy to select for intragenic vector integra-
tions (Figure 1d). It is worth noting that the ability of this
kind of vector to mutate genes upon intronic insertion is
almost exclusively due to the 5’ transcriptional termination
cassette, a function that is independent of the 3’ gene
trapping mechanism. Although the employment of a
transcriptional terminator in the gene breaking trap vector
allows suppression of splicing around the trapping vector,
the trapped gene expression domain cannot readily be
identified using this basic approach. Alternative approaches
to add this feature to gene breaking transposons are under-
way (Balciunas D, Ekker SC, unpublished data).

Practical limitations on the mutagenicity of
gene trapping and related approaches

Integration of an insertional mutagenesis vector in an intron
of a gene is generally expected to interfere with the synthesis
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of the normal spliced transcript. However, the ability to
reduce endogenous gene expression depends on the efficiency
of the splicing, polyadenylation, and any other transcrip-
tional termination signals in the insertional mutagenesis
vector. Employment of a weak splicing signal in the gene
trap will allow splicing of the endogenous transcript around
the trap insertion and cause restoration of undisrupted wild-
type transcript, and this has shown to be one of the major
hurdles in creating null alleles using gene traps in mouse
[51-53]. In zebrafish, gene trapping can occur, but the
effective level of gene disruption can be variable [25,39]. The
inability of a particular gene trap to disrupt endogenous
gene expression could be due to choosing vector components
that might not work efficiently in the employed model
system. In this regard, it is important to consider the
efficiency and limitations of each individual component
before assembling the final vector. Not only do the vector
components need to work, but they must also work
efficiently for many aspects of trapping to be successful. One
way to test the vector components is to conduct artificial test
trapping studies. In this regard, before assembling the gene
breaking trap vector, we conducted artificial test trapping
studies and vector components were selected based on the
performance of the components in these studies [29]. We
have also noticed that vector components originating from
nonpiscine sources tend to perform poorly in trapping
contexts in zebrafish. Examples include the SV40 poly(A)
signal and triple poly(A) signal sequence originating from
murine vectors [54].

Many 3’ gene traps have an inherent 3’ bias when integrating
in genes caused by the reduction in expression from the
resulting fusion transcript with long, untranslated 3’
sequences that are now subject to nonsense-mediated
mRNA decay; thus, insertions might truncate but still leave a
viable protein from the 5’ transcript. This problem has been
addressed in part by the inclusion of an internal ribosomal
entry sequence (IRES) immediately ahead of the splice
donor [55]; the inclusion of the IRES separately induces
translation of the otherwise untranslated 3’ exons, allevia-
ting nonsense-mediated mRNA decay. Potential precocious
trans activation at the endogenous locus by the strong
enhancer/promoter traditionally used in 3’ gene traps is also
a possible concern for this gene identification strategy.

Perspectives and future insertional mutagenesis
applications for the zebrafish

Analysis of the human genome has revealed that only a small
fraction of the genome is spanned by exons (about 1%); this
is in contrast to introns, which account for almost one-
quarter (approximately 24%) of the genome [1]. In addition,
exons are on average small (encoding an average of only 50
codons) and are separated by long introns (some exceeding
10 kilobases) [56]. This disproportionate size of exons
relative to introns is probably true for other vertebrates as
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well [57,58]. This poses a challenge for conducting
insertional mutagenesis because any sufficiently random
insertional mutagen is more likely to integrate into the
intron than an exon. Depending upon the insertional vector
used, intronic insertions may have an insufficient impact on
the amount of wild-type transcript, and thus they often
result in hypomorphic alleles [41]. Therefore, an ideal
insertional mutagenesis vector would be one that can
suppress splicing around the insertional mutagenesis vector
and ensure the complete or near-complete disruption of
endogenous gene expression.

We have presented the current status of insertional
mutagenesis in zebrafish and have discussed in detail the
recent advances in vectors that have made it possible to
develop a viable gene tagging, identification, and muta-
genicity method (gene breaking) for zebrafish. This
technique differs from the existing zebrafish mutagenesis
approaches in several ways. The gene finding and the gene
mutating functions that are usually coupled together in a
trapping vector have been separated into independent
modules, so that one can use different ‘gene finding
cassettes’ such as 3’ gene trap or an enhancer trap in
conjunction with the ‘mutagenesis cassette’ for the effective
disruption of the trapped transcripts. Thus, the gene
breaking vector is modular in design, providing flexibility to
the user to pick and choose the individual modules to trap
genes with diverse functions. The gene breaking trap is also
designed to be independent of delivery mechanism. This was
deliberately done because insertional mutagenesis studies in
Drosophila have shown that, to achieve genome-wide
saturation mutagenesis, multiple delivery tools that have
distinct global and local gene tagging behavior must be
employed [26,59]. Operating independently of delivery
mechanism offers the flexibility to use alternative delivery
tools in zebrafish, such as Tol2 transposon [23,25,60-62],
Ac/Ds transposon [63], and retrovirus [19], or to employ in
vivo delivery methods such as transposase-expressing
animals [64,65].

The gene breaking strategy offers several advantages in
screening and molecular characterization of tagged loci over
existing mutagenesis systems. Because the 3’ gene trap
employed for gene finding is not dependent on expression
of the endogenous trapped gene, this trap can identify and
mutate genes that cannot be isolated in a classical gene trap
screen [25] or a phenotype-driven insertional mutagenesis
screen [9]. By recovering the trap lines and identifying all
trapped transcripts, one potentially could use the gene
breaking traps for a reverse genetics screen by establishing
a sequence-based library of insertional alleles in genes that
might have adult phenotype. Such an approach would
permit application of a sequence-based prioritization for
identifying subtle or adult phenotypes caused by mutations
in pre-selected genes. Similar insertional libraries have
been created in other model organisms such as fly and
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Conditional insertional mutagenesis strategies. In each case, a vector-integrated locus is shown. Sequences required for Cre-mediated recombination are
designated ‘LoxP’ and shown as a triangle; similarly, sequences required for FLP-mediated recombination are designated ‘FRT’ and shown as a diamond.
These recombinase-requiring sequences are complex components and have been greatly simplified in this diagram. Recombinase sequences that have
been converted to an inactive form after inversion are shown hatched. Selection and modification after integration is conducted in mouse embryonic
stem (ES) cells in vitro, resulting in a nonmutagenic insertional allele. The locus is shut off in mice in vivo after Cre-mediated inversion and resolution. See

text for details. E, exons.

mouse. Thousands of fly lines have been created using the
P-element transposon [26], and efforts are underway in
several laboratories to establish a collection of mouse ES
cells with gene trap insertions (for review [2]). The creation
of an insertional library in fish might also be achieved by
the use of retroviral vectors, and is in fact largely underway
[33], although it is not yet clear what proportion of the
insertions will have an impact on gene expression because
they have been selected only by insertion site, and not by
phenotype.

Prospects for conditional insertional mutations:
illustrated examples of conditional gene traps in
mouse

Many vertebrate genes are used in diverse tissues and in
distinct temporal windows of development. The ability to
control gene function in time and space critical for the
elucidation of gene function in vivo. Consequently, gene
trapping in ES cells (Figure 1c) has been modified by several
groups to include unidirectional recombination technology
(Figure 2). In both cases, the final ES construct is an
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inverted gene trap cassette designed to serve only as a
transcriptional terminator after Cre-mediated inversion in
the mouse in vivo.

In the ‘double switch system’ [66], a 3’ exon trap is used to
enrich for intragenic insertions in ES cells; this vector also
contains a negative selection cassette to allow subsequent
deletion of this part of the vector through FLP-mediated
recombinational deletion (Figure 2a). In this configuration
the insertion is not mutagenic, but the targeted gene can be
shut off by unidirectional Cre-mediated inversion and
resolution of the trap in wvivo in the mouse. Thus,
inactivation of the gene can be spatiotemporally regulated by
appropriate expression of the Cre recombinase. One
advantage of the ‘double switch’ generated alleles is the use
of GFP to follow endogenous gene expression noninvasively
in vivo; reporter expression is independent of reading frame
through the use of an IRES upstream of the reporter (GFP).
The ‘flex system’ [56] provides an alternative strategy
(Figure 2b) that wuses two different unidirectional
recombination methods. The vector initially integrates as a
standard 5’ gene trap (compare with Figure 1c); after ES cell
selection for intragenic insertions through expression of the
reporter, FRT-mediated recombination and resolution
causes inversion of the trap, resulting in a nonmutagenic
orientation of the 5 trap vector. This cassette also blocks
transcription at the targeted locus after a unidirectional Cre-
mediated inversion and resolution of the trap in vivo in the
mouse. The pioneering work using these kinds of approaches
for the generation of conditional insertional alleles suggests
that similar methods will be very powerful in other
vertebrate systems such as zebrafish, rat, and pig.

Conclusion

Insertional vectors have been developed to allow one to use
functional, expression-based or sequence-based criteria to
distinguish and prioritize mutagenic integrations for
subsequent analyses. In addition, a number of these vectors
have the potential for downstream chromosomal engineer-
ing approaches for both somatic and germline applications.
Insertional mutagenesis is poised to become an integral
component of the molecular genetic toolbox for the zebrafish.

Note added in proof
A paper describing an academic project similar to the
Znomics insertional library [33] was recently published [67].
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