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Comprehensive mammalian genetics: history and future
prospects of gene trapping in the mouse
BRIAN P. ZAMBROWICZ* and GLENN A. FRIEDRICH
Lexicon Genetics, The Woodlands, Texas, USA

ABSTRACT Gene trapping has matured into a tool with tremendous potential for mammalian
biology. It both mutates and helps identify genes and can be streamlined so that many thousands
of insertions can be characterized. In only a few years most of the genome of the mouse will be
tagged and mutated using the latest gene trap designs. By creating such a resource, costly and time
consuming alternative methods of mutagenesis and gene identification can be avoided allowing
biologists to concentrate on determining gene function in vivo. This will mean a major shift in how
the genome will be mined for new drug targets. Notably, gene discovery via gene traps does not
suffer from the limitations of other methods as it is not biased by expression level. Mouse strains
with specific gene mutations can be easily derived from a gene trap library constructed using
embryonic stem cells. These strains will help determine the role of the gene product in mammalian
physiology and hence the relevance of the gene product to human disease.
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Introduction
Genomics is biology’s superconducting supercollider –our first big
science project. And now, before the sequence of the human
genome is even at the halfway mark, we have moved on to the next
big projects: functional genomics and pharmacogenomics. The goal
of this stepped-up assault on the genome is drug development. How
can biologists find those proteins in the body that could be targets of
new drugs? The answers to this question only start with gene
sequence. What is required are methods to quickly find genes that
code for proteins involved in relevant disease physiology and to then
move those proteins on to high throughput assays to find molecules
that modulate their function. This is a tall order and one that is being
attacked on many fronts. Our perception is that you must go to the
organism and study the gene’s function in its natural biological
context –the first step being to remove the gene and study the
consequences. Methods that rely on expression patterns or protein
structure are useful only as aids to the actual in vivo biology. The
proposal that quick and high-throughput biology can aid drug development necessitates a relevant and versatile model system. We
present here the combination of gene trapping technologies with the
techniques developed in the past decades which make the mouse
the best model system for studying how genes work in mammals.
These techniques are well illustrated in the pages of this issue and
are part of the legacy of techniques and science built by Dr. Brinster
and others over the past decades.

Gene trapping is a classic technique, used in bacteria, plants
and animals as long as we’ve known about the nature of genes
(and before if you count Barbara McClintock’s maize jumping
genes as traps). The greatest single advantage of the technique,
as we will describe below, is that a gene trap both causes a
mutation and helps clone the gene –a combination of classical and
reverse genetics. We will describe the technique as it has been
implemented in mammalian cells and try to demonstrate that it is
one of the premier tools for functional genomics. Our goal is to use
traps to mutate every gene in the mouse genome and to provide a
sequence tag for each of these catalogued mutations. Below we
describe the types of traps that could be used to this end and the
issues involved in creating a comprehensive library of mutations.
One particular technique is described in more detail and illustrated
with some preliminary data. This technique provides a method to
isolate a mutation of choice from an arrayed library of gene trap cell
lines. Finally, we will briefly consider some issues that will arise
once a comprehensive gene trap library is available, such as data
storage and analysis and moving on to the actual biology in the
form of phenotypic analysis.

Background: genomics and gene trapping
The accumulation of sequence data has allowed the identification of many thousands of genes within the last few years. While
some functional information is known about a few of these genes,
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the function remains unknown for the vast majority. A major
challenge for biology for the foreseeable future will be to understand the function of every gene. Currently a number of approaches are being developed to move more rapidly from gene
sequence information to function, a process that has been termed
“functional genomics”. As a first step, sophisticated bioinformatics
programs are being used to organize the data and group it based
on similarities at the nucleotide and amino acid level. High throughput methods are also being developed and used for studying
expression patterns of large numbers of genes at the RNA and
protein levels. These techniques include array technologies
(Schena, 1996), SAGE (Velculescu, et al., 1995), differential
display (Liang and Pardee, 1995), 2-dimensional gels (Shevenko
et al., 1996; Wise et al., 1997) and mass spectroscopy. Other
technologies such as yeast two-hybrid screens (Fields and
Sternglanz, 1994; Fromont-Racine et al., 1997) are being used to
develop protein interaction maps. These methods will provide
important information about related amino acid and DNA sequences, define expression at the RNA and protein level, indicate
factors that modify expression and identify potential interacting
proteins, but this information may only provide hints to the actual
function of the gene.
The genetic study of gene function in model organisms will be
an important component of functional genomics. A variety of
organisms will be valuable for understanding how gene products
work and the genetic pathways in which they reside. Efforts are
already underway to mutate all yeast genes to define their
function (Bassett et al., 1996; Goffeau et al., 1996; Shoemaker et
al., 1996) and the powerful genetic screens possible in organisms
such as Drosophila melanogaster and Caenorhabditis elegans
are being used to define genetic pathways. However, if one is
interested in gene function within a mammalian system then the
mouse will provide an important model system. Embryonic stem
(ES) cell technology allows the manipulation of genetic material
in cell culture and selection for rare genetic events. These
mutations can be studied in mice by production of chimeras,
germline transmission and breeding to homozygosity. The creation of loss of function mutants in the mouse has already provided
valuable resources for investigators studying gene function at an
organismal, cellular and biochemical level and will continue to
play an important role in understanding the function of the many
thousands of genes.
A variety of methods can be used to create mutations in mice
including chemicals (Brown and Peters, 1996), x-rays (You et al.,
1997), gene targeting by homologous recombination (Bradley,
1993; Gossler and Zachgo, 1993; Ramirez-Solis et al., 1993), and
gene trapping (Friedrich and Soriano, 1991; Evans et al., 1997).
While all of these techniques provide useful means to create
mutations in mice, gene trapping has certain advantages over the
other methods. Chemical or x-ray induced mutations require a
large mouse colony and extensive breeding if one wishes to look
at recessive phenotypes. Also, once these mutations are created,
identification of the mutated gene may require a significant amount
of time even with the latest mapping techniques and the possibility
of linked mutations must be ruled out. Gene targeting by homologous recombination is an excellent method for creating specific
mutations in known genes. Two disadvantages of gene targeting
are the time required to produce targeting vectors for each gene
one wishes to mutate and the requirement for prior information
about gene sequence and structure. While it should be possible to

mutate all genes by homologous recombination, limitations in the
speed of the process mean that many years will be required to
accomplish the task. Gene trapping is a rapid method of producing
and tagging mutations in the mouse genome with no requirement
for prior knowledge of the gene. Although one cannot create a
designed mutation using gene trapping, it provides a protocol to
randomly mutate the genome and identify the gene mutated in a
particular ES cell line. We will describe how the gene trapping
approach can be a valuable tool both for rapidly creating loss of
function mutants in ES cells as well as for identifying genes
involved in specific functional pathways.

Methods of trapping genes
There are four basic methods that have been used to trap
genes in mammalian cells: the enhancer trap, promoter trap, gene
trap, and polyA trap. Enhancer trap vectors contain a reporter
gene with a minimal promoter that is insufficient to activate
transcription (O’Kane and Gehring, 1987; Bellen et al., 1989; Bier
et al., 1989; Wilson et al., 1989). Upon integration into the
genome, the reporter gene is expressed only if it lands in a
position that allows a cis-acting regulatory element to activate the
promoter (Fig. 1B). Thus it is possible to identify transcriptionally
active regions of the genome. Enhancer traps were first used in
Escherichia coli and subsequently in Drosophila. Many screens
have been carried out in Drosophila allowing the identification of
multiple lines with restricted patterns of expression during development (Carlson, 1993; Sentry et al., 1994). These lines have
provided marker expression patterns for the study of development and in some cases nearby genes have been identified that
are regulated by the enhancer. Enhancer traps are based on the
knowledge that enhancers can act at a distance and because of
this it can be difficult to identify the gene whose enhancer has
been trapped. Cloning the gene requires isolating genomic DNA
flanking the insertion site of the enhancer trap vector. Additionally
the effect of the enhancer trap insertion can vary from case to case
often resulting in little effect on the expression and function of the
endogenous gene. While a powerful approach to identify enhancers, these vectors have not been used extensively for mutagenesis in ES cells. In one study, 5 enhancer trap lines were produced
and only one resulted in a phenotype (Allen et al., 1988; Kothary
et al., 1988). Enhancer trapping, due to the difficulty of identifying
the trapped gene and uncertainty of the mutagenic effect, is not
a preferred method for large scale mutagenesis in ES cells.
Promoter trap vectors are designed to identify transcriptionally
active cellular promoters (Hicks et al., 1997). They are Moloney
murine leukemia virus based and take advantage of the fact that
sequences can be inserted into the U3 region of the retrovirus LTR
without compromising the retrovirus life cycle (Fig. 1C). Promoter
trap vectors contain a promoterless reporter or selectable marker
gene placed in the U3 region of the LTR positioned so the 5' end
of the reporter gene is about 40bp from the point of integration. This
places the reporter gene in a position where it can be acted upon
by sequences surrounding the point of integration. These vectors
are not expressed unless they integrate into an exon or near the
promoter of an expressed gene. When passaged through the
germline, the frequency of phenotypes observed (6 out of 16
examined) indicates that such insertions often result in loss of gene
function (DeGregori et al., 1994). To identify the trapped gene,
DNA flanking the retrovirus integration site is subcloned and
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sequenced using genomic libraries, PCR methods or a shuttle
vector. Hicks et al. (1997) have reported the use of a shuttle vector
to obtain sequence tags from 400 promoter trap events in ES cells.
One drawback of promoter traps is that the sequence tag may or
may not contain exonic sequence thus compromising the ability to
identify ESTs or cDNAs that match the trapped gene. Promoter
traps have been used extensively in ES cells and have proven to
be a rapid method for making and identifying mutations with
sequence tags.
Gene trap vectors were developed as an efficient means of
producing mutations in ES cells (Gossler et al., 1989; Friedrich and
Soriano, 1991; Skarnes et al., 1992). They contain a reporter or
selectable marker gene that is preceded by a strong splice acceptor sequence but no promoter (Fig. 1D). These vectors are not
expressed unless they integrate into an intron of an expressed
gene. Upon integration into an expressed gene, a fusion transcript
is obtained containing 5' exon sequences of the trapped gene
fused to the reporter gene sequences. This fusion transcript allows
the trapped gene to be identified by either 5' RACE or cDNA cloning
methods (Skarnes et al., 1992; Chen et al., 1994; Friedrich et al.,
1997; Townley et al., 1997; Zambrowicz et al., 1997). Although
some advancements have been made in 5' RACE technology, it
remains a difficult procedure to undertake for large numbers of
insertion events. Gene trap vectors have proved highly efficient in
mutating genes. When 60 random gene trap lines were produced
using SAβgeo (a splice acceptor and the βgalactosidase/neomycin
phosphotransferase fusion gene) in a retrovirus, and bred to
homozygosity, half demonstrated an overt phenotype indicating
that these gene trap vectors are mutagenic in many positions and
are more mutagenic than enhancer and promoter traps (Friedrich
and Soriano, 1991). A number of these retrovirus based gene trap
lines have been examined in more detail to monitor the effect of the
insertion on expression of the endogenous gene. Northern blot and
sensitive PCR assays have demonstrated loss of the endogenous
transcript and have indicated no splicing around the SAβgeo
insertion (Chen et al., 1994; Deng and Behringer, 1995; Zambrowicz
et al., 1997; Ross et al., 1998). When electroporated, SAβgeo has
also proven to be mutagenic producing severe hypomorphs or null
alleles (Serafini et al., 1996; Friedrich et al., 1997). These data give
a reasonable assurance that gene trap vectors will dramatically
reduce or abolish expression of the trapped gene and indicate that
gene trapping is an excellent protocol for mutating genes, especially if it can be combined with a method of rapid sequence
acquisition.
Promoter and gene trap vectors produce loss of function mutations in ES cells and tag the trapped gene for identification.
However, they have some important limitations. One critical limitation is that they can only trap genes expressed in the experimental
cell type. This limits the number of genes that can be mutated by
these methods. If one wishes to trap the maximal number of genes
in ES cells, it is essential to have methods that trap genes that are
not expressed in ES cells. Methods are also required to improve the
efficiency of obtaining a sequence tag from the trapped gene and
preferably to obtain coding sequences. The methods required for
obtaining sequence tags from gene and promoter traps include
several steps such as dialysis and bacterial electroporations that
are not easily automated (Hicks et al., 1997; Townley et al., 1997).
These gene and promoter trap sequence tags often contain 5'
untranslated regions of cDNAs or non-transcribed genomic DNA
which are not optimal for database searches as they are currently

Gene trapping in the mouse

1027

Fig. 1.Vectors for gene trapping. (A) Schematic representation of a
hypothetical gene consisting of 3 exons (striped rectangles), a promoter
(arrow) and an enhancer (shaded box). (B) The enhancer trap vector
contains a minimal promoter (open arrow), selectable marker gene (neo for
neomycin phosphotransferase) and a polyadenylation sequence (pA).
Upon integration near the 3 exon gene depicted in A, the enhancer can
activate expression of the selectable marker from the minimal promoter.
This promoter trap vector contains a selectable marker (neopA) in both long
terminal repeats (LTR) of a retrovirus. When it integrates into the promoter
or an exon of the 3 exon gene, transcription of the selectable marker gene
is activated. (C) This gene trap vector contains a splice acceptor sequence
(SA) fused to a selectable marker gene (βgeo for βgalactosidase/neomycin
phosphotransferase fusion gene) and is depicted in retrovirus form between two LTRs. When it integrates into an intron of the 3 exon gene, a
fusion transcript is created between 5’ exons of the trapped gene and βgeo
sequences. (E) This polyA trap vector contains a promoter (PGK) fused to
a selectable marker gene (puro for puromycin N-acetyltransferase) and
followed by a splice donor sequence (SD) and is depicted as a retrovirus.
When it integrates into the 3 exon gene, it produces a fusion transcript
between puro sequences and 3’ exons from the trapped gene. (F) This
combination gene/polyA trap vector contains components of both the gene
trap (D) and polyA trap (E) vector and upon integration into an intron of the
3 exon gene, produces two fusion transcripts.

underrepresented. It would be preferable to have methods with a
higher probability of obtaining sequence tags that contain coding
sequence.
PolyA addition traps are a more recent addition to the gene
trapping methods and provide a means to both trap non-expressed
genes and obtain coding sequence tags (Niwa et al., 1993;
Yoshida et al., 1995). PolyA trap vectors contain a promoter active
in ES cells directing the expression of a selectable marker gene
(Fig. 1E). The selectable marker gene does not contain a polyA

1028

B.P. Zambrowicz and G.A. Friedrich

Fig. 2. Gene trap vectors for selection of subgroups of gene trap
events. (A) This secretion trap vector contains a SA sequence fused to a
transmembrane (TM) encoding sequence fused to the 5’ end of a selectable
marker gene (βgeo). (B) This vector contains a selectable marker sequence
(neopA) expressed from a promoter (PGK). All insertion events may be
selected with G418 and the gene trap portion of the vector (SAβgalpA) is
used to examine regulated expression of trapped genes. (C) This is a
promoter trap vector containing cre-recombinase (cre) in the LTRs. In
parentheses is the switch reporter gene consisting of a promoter (PGK), a
thymidine kinase/neo fusion gene (tkneo) flanked by recombination sites
recognized by cre (lox) and the interleukin-3 gene. When a gene is trapped
that is expressed, cre is expressed and causes removal of tkneo resulting
in expression of IL3 from the PGK promoter. (E) This is a combination gene
trap antisense expression vector containing a regulated promoter in
reverse orientation to express antisense message from the trapped gene
as well as the typical components of a gene trap vector (Fig. 1C).

addition signal and is therefore not expressed unless it lands within
an intron of a gene and traps downstream exons that include a
polyadenylation signal. This design should allow the trapping of
non-expressed genes as the trapping vector carries its own promoter. The gene trap fusion construct now contains selectable
marker sequence fused with exons from the trapped gene on the
3' end. This type of fusion allows the efficient process of 3' RACE
to be used to identify sequence tags and these 3' sequences are
more likely to contain coding sequences. When first attempted,
these methods were shown to trap genes and in one case examined the insertion abolished the expression of the trapped gene
(Yoshida et al., 1995). In that case, the vector was a combination
of a gene trap and a polyA trap vector suggesting that this
combination may be optimal for maintaining all the advantages of
gene trap vectors while adding the ability to trap non-expressed
genes and more rapidly obtain sequence tags. However in these
first reports, there was no demonstration that non-expressed
genes could be trapped and the sequence acquisition was inefficient. We have modified the use of polyA trapping vectors (Fig. 1F)
resulting in an efficient process for obtaining sequence tags and
have demonstrated the ability to trap non-expressed genes
(Zambrowicz et al., 1998).
The DNA vectors used for trapping genes can be introduced
into ES cells by a variety of methods but the two most common

methods have been electrophoration and retroviral infection
(Friedrich and Soriano, 1991; Skarnes et al., 1992, 1995).
Electroporation can often produce multiple integrants of the
vector and the insertion can cause deletions and rearrangements
of DNA that could affect genes other than the one trapped (Niwa,
et al., 1993). It is not known what percentage of the genome can
be targeted by electroporation. In spite of these caveats,
electroporation has been used successfully to trap and study the
function of a number of genes (Skarnes et al., 1995; Rijkers and
Ruther, 1996; Serafini et al., 1996; Friedrich et al., 1997; Torres
et al., 1997). Retrovirus infection has also been used extensively
to introduce trapping vectors into ES cells (Friedrich and Soriano,
1991; Hicks et al., 1997). Retrovirus integration into DNA is
characterized by no loss or rearrangement of DNA. A single copy
of the retrovirus is integrated when multiplicity of infection is
controlled and a 4 to 6bp duplication of DNA is seen at either end
of the integration. One limitation to the use of retroviruses may be
non-random integration into the genome. Several reports have
suggested that retroviruses have some hot-spots for integration
but the majority of integration events are essentially random
(Chang et al., 1993; Withers-Ward et al., 1994). With the recent
development of transposable elements such as mariner (GueriosFilho and Beverley, 1997), Sleeping beauty (Ivics et al., 1997) and
LINE-1 (Moran et al., 1996; Sassaman et al., 1997), and the ability
to obtain integration events in the mammalian genome, one can
envision these being developed as delivery methods for integration of gene trap vectors. These methods will need to be developed further for efficient integration in ES cells and to control for
single integration events. It remains unknown once again what
percentage of the genome will be open to integration by these
elements and what integration preferences they may have.

Methods of screening gene trap mutations
Gene trapping has proven to be an efficient method of producing novel mutations in mouse genes. The challenge has not been
in making the mutations but rather in deciding which mutations to
choose for further study and how to proceed rapidly in the
identification and analysis of the mutations. Early gene trap work
in the mouse proceeded directly from trapping a gene in ES cells
to producing mice from those ES cell lines (Friedrich and Soriano,
1991; Skarnes et al., 1992). These studies proved the concepts
worked and identified a variety of interesting genes but it became
apparent that screening through mutations via phenotype was a
time consuming and expensive endeavor. Although a tedious
approach, the phenotypic screen remains valuable for obtaining
phenotypes that might not be predicted. One example is the
Gtl2lacZ gene trap line that produces a parental origin-dependent
phenotype, characterized by dwarfism in animals inheriting the
mutation from the father but showing a reduction in penetrance
and expressivity when inheriting the mutation from the mother
(Schuster-Gossler et al., 1996). This potential imprinted gene
may not have been identified unless mice were made and examined. To avoid relying entirely on phenotypic screens, pre-screening methods have been developed with the intention of identifying
which gene trap cell lines might be of most interest for further
analysis. These methods also indicate the potential of the gene
trap method for dissecting cellular pathways and suggest the
power of the technique is limited only by the imagination of
investigators and the screens they can devise.
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Fig. 3. A flowchart for the large-scale acquisition,
storage and cataloguing of gene traps in mouse
ES cell lines. The system combines simple tissue
culture, automated molecular biological methods
and a relational sequence database and is designed
around robust gene trapping vectors delivered via
retroviral infection. With such a system is has become possible to mutate most genes in the genome
of the mouse, the most widely studied model mammalian organism.

Expression screens
One of the important concepts that was demonstrated in early
gene trap work was that the βgalactosidase reporter gene could be
used to examine the expression pattern of the endogenous trapped
gene. Skarnes et al. (1992) compared the expression of the βgal
reporter gene as determined by X-gal staining with the expression
of the endogenous trapped gene as determined by in situ hybridization. They found that when examined at three developmental
timepoints, there was a good match between βgal expression and
expression of the endogenous gene. This demonstrated that X-gal
staining could be used as a method to identify interesting patterns
of expression in gene trap lines providing one method for selecting
lines for further analysis. Friedrich and Soriano (1991) examined
the expression pattern of X-gal in 28 lines of gene trap mice and
found both widespread and restricted patterns. Wurst et al. (1995)
expanded the use of X-gal screening of gene trap lines by producing chimeras from 279 separate gene trap lines and examining
expression during development. They found that at embryonic day
8.5, 13% had restricted expression patterns, 32% had widespread
expression patterns and 55% had no detectable expression pattern. The lines with no detectable expression at E8.5, were examined again at embryonic day 12.5 and one third were found to be
expressed. While these results demonstrate the feasibility of the
approach, the production of chimeras necessitates a considerable
time and effort. If one is interested only in genes with restricted
patterns of expression in a subset of tissues it could require the
screening of large numbers of clones before any clone of interest
is identified. These results suggested that the development of
methods to pre-screen gene trap clones before production of mice
would be extremely valuable.
Secretion trap screens
Investigators examining gene traps in ES cells realized that
some lines had different subcellular expression patterns and did
not exhibit the standard cytoplasmic staining (Skarnes et al.,
1995). These results suggested that the creation of fusion proteins resulting from the attachment of amino acids encoded by 5'
portions of the trapped gene to βgal could result in targeting of
βgal to specific subcellular locations. These clones could identify
genes containing sequences that deliver them to locations critical
for their function. Skarnes et al. (1995) decided to test this
hypothesis by fusing signal sequences, that target transmem-

brane and secreted proteins to the endoplasmic reticulum (ER) to
the 5’ end of βgal. They found that if the βgal had a signal
sequence, it was targeted to the lumen of the ER and inactivated
within that environment. However, by following the signal sequence with a transmembrane domain from CD4, they found that
βgal activity was restored and localized to the (ER). This led to the
development of “secretion trap” vectors containing a splice acceptor sequence followed by a transmembrane sequence and
then βgal (Fig. 2A). It was predicted that traps in genes containing
a signal sequence could be identified by X-gal staining of the ER.
This was demonstrated when the authors obtained 5’ RACE
products from a number of secretion trap clones and found that
they were in fact transmembrane or secreted proteins. This
approach allowed a pre-screening for a subset of proteins known
to be critical for many developmental processes. These experiments indicated the power of in vitro staining of cells and others
have gone on to differentiate ES cells in vitro to identify genes
expressed in specific cell lineages (Rijkers and Ruther, 1996;
Baker et al., 1997). The ability to differentiate ES cells into a
variety of cell types including neurons, glia, chondrocytes,
cardiomyocytes and hematopoietic cells can be used to identify
trapped genes expressed in lineages of particular interest.

Gene induction screens
Reporter gene expression has been further exploited for the
identification of trap events in genes that are regulated by specific
induction events. Forrester et al. (1996) used a gene trap vector
containing SAβgal and an expressed neomycin selectable marker
gene (Fig. 2B). Using this vector they could select for vector
insertion events using G418 independent of trapping an expressed
gene. Colonies selected for the insertion event were divided
among replica plates and subjected to retinoic acid induction or no
induction followed by X-gal staining. In this way they could identify
trapping events in genes whose expression was either induced
(increased βgal staining) or repressed (decreased βgal staining)
upon retinoic acid treatment. These results indicate the potential to
screen for gene traps responsive to a variety of induction events
including growth factors, transcription factors, responses to
apoptosis etc. These results also point to gene trapping as a
method not only to trap and mutate genes in ES cells but also as
a strategy to identify genes involved in a variety of cellular responses and developmental processes.
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switch that allowed selection after recombination theoretically
provides a method to identify induction events even if they are
transitory since once the gene is induced and the switch is flipped,
the cells are marked even after the gene is turned back off. These
advances indicate that gene trapping is not restricted to ES cells
and can be used in a variety of mammalian cell lines chosen based
upon their ability to undergo cellular processes of interest.

Fig. 4. Isolating specific gene trap mutations from an arrayed library.
One of several possible methods is diagrammed that will allow a specifically mutated ES cell line to be isolated from a large library of cell lines. This
particular method relies on the hybridization of cDNA sequences from the
gene of interest to pooled sets of 3’ RACE products derived from splicedonor/polyA traps.

Gene trapping combined with methods to monitor induction of
expression of the trapped gene have now been used in a variety of
cell types. Gogos et al. (1996) trapped genes using a retrovirus
containing SAβgeo in C2C12 myoblasts that can be induced to
differentiate into myotubes. They looked for genes in which the
βgal expression was up-regulated during this differentiation process. One of the genes they identified was cathepsin B. Kerr et al.
(1991) used transfection of a gene trap vector containing SAβgeo
followed by FACs sorting to identify gene trap events that were
responsive to LPS treatment in a B-lineage cell line. LPS can
induce the differentiation of some B-cell lineages. They made
replica plates of the gene trap clones, treated them with LPS and
looked for gene traps in which βgal expression was modulated.
They identified 3 repressed and 2 induced gene trap lines and the
5’ RACE products of all 5 genes were novel. Others have developed sorting and selection schemes to identify induced or suppressed gene trap events. Gogos et al. (1997) used gene trap
vectors containing SAhygtk (a hygromycin/thymidine kinase fusion
gene, Fig. 2C) or SAβgeo. They trapped genes in NIH 3T3 cells and
either FACs sorted (for SAβgeo gene traps) or gancyclovir treated
(for SAhygtk gene traps) to remove constitutively expressed gene
traps. They then induced myoD expression to examine genes
regulated by myoD using either FACs sorting (for SAβgeo traps) or
hygromycin selection (for SAhygtk traps) to identify up-regulated
genes. These protocols proved useful for identifying gene traps
induced by myoD expression and eliminated the steps of clone
picking and replica plating thus reducing the effort required to
identify regulated genes. Similarly, others have trapped and identified genes induced during differentiation of myeloid precursor
cells into appropriate lineages or P19 cells into neurons (Imai et al.,
1995; Jonsson et al., 1996). Russ et al. (1996) developed a cre-lox
based switch to allow selection for genes up-regulated during
programmed cell death in a hematopoietic precursor cell line (Fig.
2D). The switch allowed them to select for genes that are induced
by factor deprivation in a cell line that responds to such deprivation
by undergoing apoptosis. Once again the need for clone picking
and replica plating was eliminated. In addition, the use of crerecombinase promoter trap vectors in combination with a separate

Functional screens
It has also been demonstrated that gene trapping can be used
to identify genes involved in specific cellular processes using
screens based on phenotypes. Hubbard et al. (1994) used promoter trapping in CHO cells to mutate genes involved in
glycosylation. They selected for mutants with reduced cell surface
expression of Neu5Ac by selecting for resistance to wheat germ
agglutinin and identified four separate integration events falling
within a 796bp region of the genome. The ability to identify
mutations in this way may be dependent on haploinsufficiency or
may result from selection events in cell lines that have already lost
or are susceptible to loss of portions of the genome containing the
second gene copy. Li and Cohen (1996) also took advantage of a
phenotypic screen in cell culture by devising a combination gene
trap antisense expression vector to identify trap events in tumor
suppressor genes. The vector contained SAβgeo in one orientation to trap and mutate one copy of potential tumor suppressor
genes and a promoter in the opposite orientation to direct the
expression of antisense transcripts from the gene trap locus (Fig.

Fig. 5. Detection of a gene-specific sequence by hybridization after
dilution into pools of heterologous gene trap cell lines. Cells from the
‘P12’ gene trap clone were mixed with cells from other uncharacterized
gene trap lines in the ratios indicated. RNA from each set of cells was
isolated for 3’ RACE reactions designed to amplify the gene-trap specific
transcript (Zambrowicz et al., 1998). Products of one or two rounds of
amplification were run out on an agarose gel (top), blotted and probed with
P12-specific sequences (bottom). (-neg: water negative control; -RT: no
reverse transcriptase negative control; expt.: experimental dilution of 1 in
200; P12: no dilution, P12 cells only).
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2E). They hoped that the antisense expression would be sufficient
to reduce or eliminate the function of the second wild type allele of
the trapped gene. They were able to identify NIH 3T3 clones that
could grow in soft agar after a gene trap event and identified the
Tsg101 gene as a potential tumor suppressor gene. These two
experiments indicate that gene trapping can be used in combination with protocols that allow for the identification or selection of
phenotypes of interest. The power of gene trapping to identify
genes involved in specific pathways may only be limited by the
ingenuity of the investigator in devising phenotypic identification or
selection protocols. The combination of inductive and phenotypic
screens, that are possible using gene traps as mutagens, along
with the new methods of rapid sequence identification of trapped
genes, provide powerful methods of genetic screening in mammalian cells.

Large scale gene trapping
Creating libraries of gene trap mutations
With the increasing amount of gene sequence information, it
has become apparent that one excellent way to pre-select gene
traps is to obtain sequence tags of trapped genes. This is a
considerable challenge as obtaining sequence tags from each
gene trap has been a tedious process often requiring 5' RACE or
production of genomic or cDNA libraries. More recently a number
of approaches have been developed that are increasing the speed
of obtaining gene trap sequence tags. Townley et al. (1997) and
Chowdhury et al. (1997) developed more efficient methods of 5'
RACE and were able to obtain sequence tags from 40% of 150
gene trap lines and 55 gene trap events, respectively. Hicks et al.
(1997) reported the use of shuttle vectors to identify flanking
sequence from 400 promoter trap events. Both these methods are
significant improvements in the speed of sequence acquisition but
both methods require a number of steps that are difficult to
automate. We have modified polyA trap methods and automated
them in the 96-well format allowing us to obtain sequence tags from
over 20,000 gene trap events (Zambrowicz et al., 1998). These
sequences are placed in a relational database and through
bioinformatics and searching protocols it is possible to identify trap
events in genes of interest for further study (Fig. 3) This library of
ES cells with traps in thousands of genes will play an important role
in the study of gene function. With such a library it will become
possible to screen through large numbers of mutant mice for
specific phenotypes of interest. Candidate genes to be analyzed
may be identified through bioinformatics, expression, positional
cloning or a variety of other methods.
We believe the most efficient method of pre-screening trap
events is by sequence. In combination with the identification of full
length sequence for all genes, it should become possible to match
any sequence tag with a known gene. Once a gene trap has been
identified with a sequence tag it can be linked with all other
information pertaining to that gene which may include expression
pattern and interacting proteins. The sequence tag can also be
used to obtain expression information by using it as a probe for
methods such as Northern blots, RNase protection assays, in situ
hybridization or more sophisticated array techniques. Mouse chimeras or heterozygotes can be used to examine X-gal staining
patterns. The gene trapped ES cells can also be subjected to any
other pre-screening method such as in vitro differentiation or

Fig. 6. Detection of a gene-specific sequence by RT-PCR after dilution
into pools of heterologous gene trap cell lines. Cells containing the
gene trap ‘SA4’ were diluted at the ratios indicated with wild-type AB1 ES
cells. RNA from each pool was used for RT-PCR amplification using primers
specific for the SA4 gene (GSP1 and GSP2, for gene specific primer) and
for the gene trap sequences (TSP1 and TSP2, for trap specific primer).
Products of the reactions are shown after one round of PCR and after a
further, nested round of PCR. (water: negative control; pSpo8: plasmid
control containing only gene cDNA sequence; p4.4: plasmid control containing the gene trap fusion cDNA sequences; -RT: no reverse transcriptase negative control).

induction screening. In summary the ability to identify each gene
trap with a sequence tag is likely to be the most rapid method to prescreen and catalogue mouse mutations providing a pre-made
functional genomics resource ready to be mined for phenotypic
analysis.
One example of the power of identifying gene traps by sequence
tags is the case of the netrin-1 gene trap line (Serafini et al., 1996).
This line was produced by secretion trapping and identified by 5’
RACE. The netrin-1 protein is secreted and can attract or repel
neurons in the developing neural tube. The availability of the preidentified netrin-1 gene trap clone allowed investigators to rapidly
examine the phenotype of the resulting mice. The gene trap
produced a hypomorph that confirmed the function of the gene and
matched the phenotype found in mice with a disruption of the DCC
(deleted in colon cancer) gene, the netrin receptor (Fazeli et al.,
1997). As libraries of ES cell mutants grow this ability to move
rapidly to the study of mouse mutants will dramatically increase.
The gene trapping method is also a powerful gene identification
method. When polyA trap vectors are used they identify genes
regardless of expression and about 60% of our sequence tags do
not have matches in GenBank (Zambrowicz et al., 1998). Unlike
approaches used to obtain ESTs, gene traps are not biased
against trapping genes expressed at low levels or only transiently.
A library of gene trap sequences contains genes that may only be
detected using multiple normalized cDNA libraries from many
tissues. The high frequency of novel sequences obtained by our
gene trap methods indicates the power of the methods to identify
novel transcribed sequences. Even after lengthening these novel
sequences in either direction along the cDNA, many remain
unknown and are likely newly discovered genes.
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Fig. 7. Integrated functional genomics is possible with a well characterized and comprehensive gene trap library constructed in mouse ES
cell lines. Starting from anonymous coding sequence, bioinformatics will be able to classify protein products into known families or will be able to
provide some hints about function due to certain
structural features. The temporal and spatial distribution of the mRNA can be determined en mass by
chip array technologies or more directly via in situ
hybridization (whole-mount or sections). Genes can
be further classified based on their presence in
certain in vitro functional assays. Ultimately, all
these data are the foundation to the physiological
information that will be derived once a mutant
mouse is generated quickly from an ES cell line
containing a gene trap mutant allele.

Rapid access to individual mutant lines within a gene trap
library
We have undertaken the construction of a gene trap library with
mutations in every gene of the mouse genome. As discussed in the
previous section, the acquisition of sequence information from
each of thousands of gene trap clones is an automated process
and we have so far accumulated over 20,000 such sequences. The
current rate of accumulation is 500-1000 gene trap lines per week.
The obvious and easiest way to access a mutation of interest is by
sequence, and the highest likelihood of success is when the library
is completed. A method to circumvent the requirement for sequence information from the entire library would be to adapt
pooling and screening strategies to quickly obtain a clone of
interest that is mixed in with many other clones. Such a method
would obviate the need to pick 100,000 to 500,000 individual gene
trap clones. Similar strategies have been described in other
organisms, for example C. elegans (Zwaal et al., 1993).
One can take advantage of retroviruses to generate a large
number of integrants for a complete gene trap library in one
experiment. The resulting colonies could be pooled and screened
for particular clones with insertions into any gene of interest. To
generate such a library in one experiment only requires a packaging cell line that gives an adequate titer and a means to mass infect
ES cells. The former is usually not a consideration since a packaging cell line with a relatively low titer of only 1,000 cfu/mL would
require only half a liter of virus-containing media to provide infectious particles for 500,000 integrations, or about 5 integrations for
every gene in the mouse genome.
A proposed method (represented schematically in Fig. 4) is as
follows. Five genome equivalents of gene trap clones (500,000)
are generated by mass infection. The resulting infected cells are
plated onto 96-well plates in pools of 100 to 200 colonies (i.e., 50
or 25 plates, respectively). Each of these clones has a distinct gene

trap event, and there is no need to pick them individually. The cells
are grown to confluence and split 1:3. Two plates are for freezing
and storage and the remaining plate is processed for screening.
This processing follows a standard automated 3’ RACE procedure
as described above for polyA-type traps (Fig. 1F). This results in
PCR reaction products representing cDNA sequence from all 100200 clones in a given pool. These PCR products are gridded onto
a nylon membrane and used for hybridization (for example, using
a 96-well vacuum manifold, or ‘dot blotting’ apparatus). To locate
a clone of interest, a full length or partial cDNA is labeled and
hybridized against the gridded PCR products. Positives indicate
that a gene trap retrovirus had integrated into the gene of interest.
This hybridization strategy relies on the type of message generated by a polyA-trap insertion (Zambrowicz et al., 1998). As
depicted in Figure 1E and F, the splicing that is concomitant with
proper termination and poly-adenylation of the message generates
a fusion transcript. It is this fusion transcript that is driven by the trap
promoter in ES cells and that is amplified specifically in the 3’ RACE
procedure. Since the trap will integrate into an intron, the PCR
products are unique to the trapped gene and begin at discrete exon
boundaries. Full length cDNA probes or partial probes (preferably
near the 3’ end, such as those generated from ESTs) would be
specific for insertions into their corresponding genes.
Once a positive pool is identified in this manner, the corresponding pool of cells is thawed and plated at a low density to give
individual colonies. A set of 200-300 clones are isolated and
processed by automation to provide the gene trap sequence tag
from each. The particular cell line in the pool with the mutation of
interest is identified by sequence.
Experiments were undertaken to prove that the various aspects
of this method were feasible. First, it was important to determine
that a positive clone in a background of negative clones could be
detected by hybridization after 3’ RACE and second, it was crucial
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to show that positives could be recovered from pools of up to 200
clones.
A gene trap cell line with a random insertion into a novel,
uncharacterized gene was used as a known positive to test the
level of detection possible with hybridization. A subfragment of the
3’ portion of the cDNA from this gene (labeled ‘P12’) was subcloned
to provide a hybridization probe. Cells with a gene trap insertion
into P12 were diluted with cells from other clones with gene trap
insertions. Figure 5 shows the results from a hybridization experiment using the P12 specific probe on the PCR products generated
from these pools. The primers used to amplify the fusion cDNAs in
the pools of cells were specific to the gene trap on the 5’ side and
for the tailed poly-dT RT primer on the 3’ side (Zambrowicz et al.,
1998). The results from a series of such experiments indicate that
this method is quite sensitive and that the positive cell line could be
detected by hybridization down to a dilution of 1 in 1000 background clones using two rounds of PCR for 3’ RACE. Note that in
this experiment, the PCR products were separated on an agarose
gel before transferring to a hybridization membrane whereas in an
experiment using the entire pooled library of gene trap lines, each
set of PCR products would be dotted onto the membrane directly.
An alternative to finding a positive pool by hybridization would be
to detect it by a specific RT-PCR. Within a hypothetical fusion
transcript generated by a polyA trap are known sequences juxtaposed in a unique configuration. Sequences of the selectable
marker are now attached 5’ of sequences from a gene of interest
only in clones where the gene trap has landed in, and mutated that
particular gene. It should be possible to detect such events in a
background of negative clones by PCR specific for such a fusion
transcript. A preliminary experiment, the results of which are shown
in Figure 6, indicates that a sensitivity of at least 1 in 500 is possible
with such a method. Sensitivity could obviously be increased if the
RT-PCR products are blotted and probed for sequences upstream
of the gene-specific primers. This method is not as robust as simple
hybridization after 3’ RACE. The biggest disadvantage is that
unique RT-PCR sets would have to be performed for each gene an
investigator desires to extract from the library, whereas with
hybridization of 3’ RACE products, the membranes can be used
with multiple different probes. When the membranes start to suffer
from use, a new set can be made from frozen 3’ RACE products.
The second experimental hurdle noted above is the ability to
recover a positive clone from a pool of up to 200 clones. This is a
concern given that subpopulations of cells will have different
growth rates in culture. It is important to note, however, that in the
final experimental design there are relatively few cell divisions
between the time the infections are made and when positive pools
are plated at low density. There is little time then for any particular
set of subclones to outgrow and dominate the culture before the
pool is frozen into storage. After the positive pools are identified
and thawed, the first step in culture is to separate the clones into
colonies by plating at a low density. A simple experiment in which
a set of independent gene trap lines was grown together through
a half dozen cell divisions, plated to form single colonies and then
processed for sequence tags demonstrated that the distribution of
different clones within the pool was sufficiently broad to recover all
the component clones in a modest sized set of subclones.
The pooling techniques described here do not obviate the need
to make a complete library of gene trap lines, each clone with a
sequence tag. What the techniques could provide is stop gap
access to desired mutations if they have yet to appear in the library.

Gene trapping in the mouse

1033

And once the library is completed, the pooling technique could still
be useful if an investigator desires insertions of different types of
vectors into a gene of interest –for example vectors that cause
conditional or inducible mutations.

Integrated databases
The age of genomics has forced biologists to become sophisticated computer users. The size of genomics databases and the
need to continuously analyze and cross reference sequence data
is a significant computing problem (Doolittle, 1994). And the
problem is growing now that many biologists and biotechnology
firms are moving beyond sequence toward designing and using
large scale techniques to determine gene function and expression.
The types of data generated from all these approaches are diverse
–but it is essential that they can be seemlessly accessed and that
relations between them can be established (Fields, 1992).
The prospects are slim right now that this Tower of Babel will be
tamed. To accommodate major pharmaceutical and large biotechnology companies, there are new companies devoted solely to
writing robust bioinformatics software. Unfortunately, the nature of
the market and competition between these start-ups means that
standards of data representation cannot exist. Even under the
large umbrella of U.S. federal funding there is more than one
competing standard.
The consequences of this free-for-all are not yet apparent. After
all, the one basic data type –DNA or protein sequence– is the day
to day working material of the molecular biologist and we have no
problems in extracting maximal information from limited numbers
of sequences. However, when expression data, structural data,
sequence polymorphisms, mapping data, species comparisons,
predicted protein structures and so on are included into the same
database structures, the problem of management is eclipsed only
by the problem of interpretation. The computer needs to become
a tool that is not only a data manager, but also has a hand in
interpretation – it is impossible for humans to make correlations in
such vast arrays of data.
Indeed, we think overcoming this computing challenge will be a
difficult feat to accomplish in the coming decade. The reason is
simple, and is basically a consequence of the limits of reductionism.
Genomic data today, of whichever type, is in isolation from the
organism from which it is derived. Gene and protein sequence
describe the coding potential of just one entity that plays a part in
the function of an organism. So does all the associated data:
expression patterns of the gene, the structure of the gene, etc. And
the current state of that one gene is just a snapshot in geological
time over which evolution is acting. The problem is even more stark
when one considers how evolution dabbles with what’s on hand.
Ponder for a moment the fact that the human genome probably has
over 2000 tyrosine kinase-like genes. To solve the problem of
transferring signals to the nucleus, why not use what is there and
does the job already?
One way to take a more holistic approach is to go right to the
organism, take away the gene’s function and examine the consequences. That is why we would define ‘functional genomics’ as
simply doing the biology and genetic experiments on the organism.
The computer can really help little once this process is undertaken.
And the only way that this enterprise differs from what we biologists
have been doing for decades is the matter of scale. How many
genes can we study and learn about their functions and how quickly

1034

B.P. Zambrowicz and G.A. Friedrich

can we do so? The new databases are a tool to this end and are a
sort of ‘ground zero’ or provide a minimum amount of required data
needed before proceeding to make mutations and studying the
organism (Fig. 7). There are no biological answers ‘in silico’, there
is just data and methods to organize data.

Phenotypic analysis in drug target discovery
Functional genomics was formulated by drug industries (biotechnology and pharmaceutical) and academic circles which believe that there are real possibilities that the next generation of
drugs will come directly from analysis of the human genome
(Fields, 1997). Obviously drugs work in general by binding and
modulating certain proteins in the body, and those proteins are
encoded by genes. So logic suggests that if a protein whose
function is in some aspect of physiology that is perturbed by
disease, then finding a molecule that targets that protein is the best
way to discover new drugs. This logic is so compelling that billions
have been spent on genomics before one drug discovered by this
process –starting with a protein product of a newly sequenced
gene and moving all the way through candidate molecules to
clinical trials– has been brought to market.
But how might this logical process be implemented in the lab to
provide new drugs for clinical trials? How can the various components of genomics and functional genomics be integrated to
provide drug targets and small molecules? While no one can
provide precise answers, we are certain that the genetic analysis
of model organisms will be crucial. Simply making a mutation and
observing the phenotypic consequence can provide invaluable
information regarding the physiological role of a gene. And it is this
information that directly impinges on determining whether a particular gene product can be a valid drug target.
An illustrative example is the mutation in the prostacyclin
receptor generated in a line of mice by Murata et al. (1997).
Prostacyclin is a member of a family of small lipids called the
prostanoids which mediate localized responses of various types.
Prostacyclin is involved in vasodilation, inflammation and pain
sensation; its receptor is one of the large serpentine, or 7-transmembrane spanning (7 TM) family. One of the oldest and most
common drugs in existence, aspirin (and aspirin-like drugs such as
indomethacin) is known to affect prostanoid synthesis. Genetically
perturbing a protein on this aspirin-targeted pathway results in
mice whose phenotype resembles wild-type animals treated with
the drug. Homozygotes have reduced responses to pain and
inflammatory stimuli –essentially at levels of wild-type animals
treated with indomethacin. The phenotype recapitulates the effect
of a small molecule antagonist.
These experiments clearly operated in the reverse of the proposed functional genomics process. The drug is in hand and a
mutation of a protein on the affected pathway would be expected
to result in a disease-relevant phenotype. The lesson is valuable,
however; it becomes important to ask which and how many
proteins are present in the body that, when bound by a small
molecule will, for example, reduce inflammation in general or in
specific tissues? To answer this, it should be possible to use
genetics to screen for an expected and defined phenotype in order
to quickly define new drug target proteins. Clearly the prostacyclin
receptor is such a target. It is a member of a large family of proteins,
many of which are known drug targets. These G-protein coupled
receptors (GPCRs, or 7 TMs) are the targets of about 20% of the

top 100 pharmaceutical drugs (Campbell, 1996). Also, the
prostacyclin receptor is involved in two important physiological
processes –both of which can be usefully modulated to treat a
variety of maladies.
Another indirect example may help illustrate how the functional
genomics process of anonymous gene sequence to phenotype to
drug might work. The recently discovered orexin neuropeptides
regulate feeding behavior by acting on the hypothalamus (Sakurai
et al., 1998). They were discovered by their ability to bind to, and
activate in a cell assay, orphan GPCRs. The neuropeptides stimulate feeding behavior in rats when administered directly to the brain
through catheters. The orexin receptors are prime targets for which
a small molecule development screen could find drugs that modulate appetite in humans. The means to this end in which research
moved from an interesting gene sequence through a cell-based
screen and an animal model phenotype will be generally applicable. (Even though the phenotype induced in the rat was not from a
mutation, it is likely that perturbation of feeding behavior will result
when the orexin receptors in mouse are mutated.) How this
process might operate in practice remains to be seen; one possibility is presented below (see also Friedrich, 1996).
The starting line is coding sequence from transcripts.
Bioinformatics, as discussed above, is most useful in categorizing
anonymous gene sequences into families. For the purposes of
drug discovery, the relevant gene families are few but large (for
example, there are more than 1000 GPCRs). These sets of
potential drug targets are flagged due to precedence: we know that
proteins of similar structure and cellular location are bound by
drugs and thereby have a therapeutic effect. Expression data
provides more data to narrow the search. If our interest is diseases
related to the immune system, candidates must at least be found
in the thymus, spleen or bone marrow. If they are expressed in one
of these tissues in addition to a variety of others, this is not a
criterion for eliminating that gene from further consideration. Few
genes are expressed only in the tissues where they function – there
are no evolutionary constraints that make this the rule. Therefore,
while exceptionally valuable, interpretation of expression data
needs to be approached with caution. It may turn out that such data
is useful as often for eliminating candidates that are not expressed
in a relevant tissue as when choosing candidates based on where
they are expressed.
With information from bioinformatics and mRNA expression,
and perhaps from in vitro functional assays, one will be left with a
large set of potentially valuable genes, including new drug targets.
The best means to get at function to determine which will become
the focus of small molecule screens is genetics (Fig. 7). As the
examples above illustrate, the phenotype resulting from mutation
of certain genes will be relevant to disease. It is these proteins that
are identified by phenotypic analysis that are going to be the most
valuable. It is easy to imagine how the prostacyclin receptor or the
orexin receptor, where they not yet discovered, could be identified
by genetic analysis. There are many such proteins waiting to be
discovered. And the mouse, we have been arguing, will become
the preeminent model organism given a sufficiently powerful
genetic system. With gene traps throughout the genome creating
a frozen library of pluripotent ES cells, we will have such a
resource. An added advantage is that each trap possesses a
sequence tag. We can then undertake this “sequence to drugs”
discovery process with an organism that is a workable model of
human disease, physiology and genetics.
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Ultimately, it is not technological advances such as chip expression analysis, better bioinformatics algorithms and databases, or
mouse gene trap mutation libraries that will deliver drugs. It is the
intelligent mustering of these tools to do the same biology that has
been the rule for decades, only doing it more efficiently, more
quickly and more directed toward specific ends: discovering new
drug targets.

Challenges
Investigators using gene trapping face a number of challenges.
Trapping all genes will be a major obstacle and will likely require the
development of a variety of vectors, but our current data suggests
that gene trapping has a tremendous number of potential target
genes. Maintaining germline transmission for such a large resource of ES cells will require strict quality control. It will also be
essential to optimize vectors for the ability to abolish gene expression and it will be useful to develop vectors that allow tissue-specific
or temporal gene mutation. While the challenges in creating such
a gene trap library are tremendous, realizing the potential of this
resource will provide even more challenges. The large numbers of
mutations represented in a resource containing thousands of gene
trap events will challenge investigators to wisely choose what mice
to study and to devise the proper phenotypic screens to identify the
consequences of the mutations. This will be fundamentally important for discovering new drug targets. The utilization of this gene
trap library to study gene function along with devising and carrying
out novel genetic screens to be used in combination with gene
trapping should keep investigators busy for years.
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