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Current issues in mouse genome engineering
Stefan Glaser, Konstantinos Anastassiadis & A Francis Stewart
The mouse is the foremost vertebrate experimental model
because its genome can be precisely and variously engineered.
Now that the mouse genome has been sequenced and
annotated, the task of mutating each gene is feasible, and an
international cooperation is providing mutated embryonic stem
cells and mice as readily available resources. Because these
resources will change biomedical research, decisions about
their nature will have far-reaching effects. It is therefore timely
to consider topical issues for mouse genome engineering,
such as the background genotype; homologous, site-specific
and transpositional recombination; conditional mutagenesis;
RNA-mediated interference; and functional genomics with
embryonic stem cells.
Methods for engineering the mouse genome have been developed for
all fundamental mechanisms of mutagenesis, accessing the germline
genome through gametes, zygotes and embryonic stem (ES) cells
(Table 1). Some of these genome engineering methods are also applicable to other model systems such as rat or zebrafish, but the mouse is
unique because of ES cells. The ability to reconstitute fertile mice from
cells in culture has led to the development of a range of sophisticated
genome engineering technologies, most notably gene targeting, gene
trapping and conditional mutagenesis. The unique properties of ES
cells also underpin two international efforts, the Knock-Out Mouse
Project (KOMP) and European Conditional Mouse Mutagenesis
(EUCOMM), which aim to mutate every gene in the mouse1,2.
Here we discuss issues relevant to the decisions behind KOMP and
EUCOMM, among other topical matters. Several reviews on mouse
genome engineering3–6 provide greater detail than is possible here.
The configuration of an ideal ES cell line
For reasons that may be related to the ability of mice to undergo diapause, so far the germline properties of ES cells have been found solely
in mouse and in only a few mouse strains7,8. ES cells from the 129 strain
were the first to be derived9,10 and have become the most widely used;
however, these strains have some genetic weaknesses and are generally
disfavored by immunologists and neurologists, among other scientists11,12. Consequently, rather than remain within a congenic background for genetic clarity, a suboptimal practice has arisen. Mutations
are made in 129 cells and then repeatedly crossed to the desired back-
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ground (usually C57BL/6), even though the congenic purity of C57BL/6
cannot be restored. In addition, the choice of background for transgenesis by pronuclear injection has been determined mainly by superovulation yield. Subsequent crossing of a transgenic line (e.g., a Cre transgenic
line built on one particular background) with a targeted line originally
built on the 129 background but often crossed to another is common
practice. This messy state of genetic affairs is an outcome of the ways in
which the technologies were developed. Now that there are choices, it is
worth considering whether the merits of congenic genetic practice can
be resumed. The choice of the genetic background for the resources generated by KOMP and EUCOMM will have a lasting impact on practice
in mouse experimental biology.
At present, the only alternative to the 129 strain is C57BL/6 (ref. 13).
Ideally, a few C57BL/6 ES cell lines with sufficient reliability (in terms of
chimera and germline transmission efficiencies) will emerge to replace
129. If so, then C57BL/6 will become the main genetic background for ES
cell work and pronuclear injections. Until then, mutagenesis in the 129
ES cell background is sure to continue because these cells are robust.
F1 ES cell lines, usually from a 129 × C57BL/6 cross, offer an alternative to 129 cell lines. Owing to hybrid vigor, some F1 cell lines have good
germline properties and can generate mice derived completely from ES
cells by tetraploid complementation14,15. Thus, functional analyses (e.g.,
using RNA-mediated interference (RNAi) knockdown), can be rapidly
done with ‘transient’ mice without the need to establish mouse lines and
breed16. Because this approach is speedy, it is certain to find many applications. The genetic differences between 129 and C57BL/6 mean, however,
that the merits of maintaining a congenic background are discarded.
Pre-engineered ES cells present some possibilities. For example, ES
cells carrying integrated transgenes encoding site-specific recombinases
offer advantages, such as simplified removal of selectable markers or
built-in switches for inducible RNAi or conditional mutagenesis17,18.
Alternatively, ES cells engineered to carry strategically placed, sitespecific recombinase target sites can facilitate functional studies19,20.
Regardless of whether pre-engineering can arrive at a single ES cell
format, or whether the genotype issue will be resolved soon, the idea
that one, optimally configured ES cell line will emerge to anchor mouse
research in the near future is probably just wishful thinking, although
it is not without appeal.
Homologous recombination
Mouse ES cells seem to have higher frequencies of homologous recombination than do other cultured cells. This higher frequency is probably
due, in part, to the very rapid growth and accompanying high activity of
DNA replication of these cells, in which S phase accounts for a relatively
greater proportion of the cell cycle. Whatever the exact explanation,
translating the potential for homologous recombination into routine
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success with gene targeting in ES cells has not
Table 1 Options for manipulating the mouse genome
been without complications, mainly related to
Path 1
Path 2
the ways in which the targeting constructs have
Mutagenesis
(using zygotes)
(using ES cells)
been built. It is important to use both isogenic
DNA (i.e., homologous DNA for homologous
recombination21) and homology arms longer
Point
ENU (in testis)
ENU
than those that can be easily made by PCR.
Illegitimate
Transgenesis by
Transgenesis by
Both of these aspects have become simple and
recombination
pronuclear injection
transfection; gene traps
convenient in recent years. It is now very easy
to obtain (nearly) isogenic DNA from genome
Homologous
Targeting; targeting to introduce
repositories because BACs containing either
recombination
loxP sites (conditional mutagenesis)
C57BL/6 or 129 DNA are annotated onto the
Site-specific
Through mating:
Recombination achieved by
silicon genome (Ensembl Mouse, http://www.
recombination
parent 1, recombinase;
transfection or viral delivery, Cre protein transensembl.org/Mus_musculus/). Larger targetparent 2, target sites
location, or ligand activation of endogenous Cre
ing constructs are also easy to make by using
22,23
Transpositional
Through
mating:
Red/ET recombineering methodology
and
parent 1, transposase;
subcloning from BACs24 (Fig. 1).
parent 2, inverted repeats
Although longer targeting constructs
increase targeting frequency25–28, we still do
not know what lengths are optimal. Such optima probably vary from new methods of screening for correct recombinants27,28. Although both
locus to locus, and some loci might be recalcitrant to targeting regardless methods are creative and excellent, the main problem remains; namely,
of homology length. The reasons behind locus-specific variations in tar- the molecular detail of the recombination event is not verifiable. For
geting frequencies remain unknown but could involve putative negative example, it is likely that long homology arms will contain repeats; at
or positive elements, chromatin status, or spatial aspects of the nucleus. what frequency will these repeats promote deletion in the genome? In
A better understanding of these issues would be not only fundamentally addition, imperfect recombination events can occur, such as duplicainteresting but also relevant to the practicalities of genome engineer- tions at the ends of the targeting construct29. The use of very large taring. As it stands, the design of efficient targeting constructs is guided by geting constructs makes routine inspection for these events difficult.
three parameters: isogenic is better; bigger is better; and promoterless If the BAC is not isogenic, it is difficult to determine where along the
selection, if possible, is better. The more that these parameters can be homology arms the crossover points lie.
incorporated in a targeting construct, the greater the chance of success.
BAC-based targeting constructs also preclude the use of promoterless
Targeting remains unpredictably variable, however, for reasons that are targeting constructs to enhance targeting frequencies. For expression
not understood.
of a selectable marker, promoterless targeting constructs must inteHow reliant is targeting on isogenicity? A recent study using large grate into an active gene in the correct orientation. Therefore, most
BAC-derived, nonisogenic targeting constructs suggests that dependence random integrations will be unsuccessful and targeting frequencies will
on isogenicity diminishes with increasing size27. But a second BAC- be improved, sometimes to 100%. This strategy also enables targeting to
based targeting study using isogenic DNA has reported a much higher be screened by 5′ rapid amplification of cDNA ends, which is fast and
average frequency28 (albeit from only five examples). These data indicate easy. Of course, the targeted gene must be expressed sufficiently for these
that both size and isogenicity contribute to targeting efficiency and that benefits; however, about two-thirds of all genes seem to be expressed in
ES cells30. Therefore, promoterless targeting can substantially reduce
optimal results can be achieved by their combination.
Because large BAC-based targeting constructs are easy to make the effort spent in screening for homologous recombinants, which is
and provide both higher targeting frequencies and a partial solution the most laborious step.
to the isogenicity issue, should BAC-based targeting become the priFor these reasons, we think that the first step in targeting a new gene
mary method? There are reasons to think twice. BAC-based targeting should be to determine whether it is expressed sufficiently to permit
constructs are too large to permit a thorough characterization of the promoterless targeting and, if so, to subclone by ‘recombineering’ a backtargeting event. This problem of size has required the development of bone that is optimized for both promoter trapping and Southern-blot

Figure 1 Scheme for rapidly constructing
optimized targeting vectors. After planning
the targeting strategy according to whether a
promoterless strategy can be used and what
Southern-blotting strategy will be used, an
isogenic BAC encompassing the region of
interest is obtained from the genome resource.
The region is subcloned by, for example, Red/ET
‘recombineering’ into a moderate copy plasmid,
which includes restriction sites to cutoff the
vector. A selectable cassette, such as the
neomycin resistance (neo) cassette, is inserted
into the targeting construct, which is then
subjected to restriction digestion and targeting in
ES cells. Amp, ampicillin; Cm, chloramphenicol;
Neo, neomycin.
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Figure 2 Strategies to impose asymmetry onto Cre recombination. (a) Deletion of a DNA interval between two directly repeated loxP sites is asymmetrical
because of the difference between intra- and intermolecular recombination. (b) Inversion between two inverted loxP sites can be made directional by using
the mutated lox66 and lox71sites. Both can sustain recombination, but the product includes a doubly mutated lox site that is not well recognized by Cre
such that the back reaction is disfavored. (c) In FlEx, two pairs of heterotypic lox sites are placed in an interwoven, inverted configuration. Recombination is
possible only between the homotypic sites, resulting in an inversion. This places the other pair of lox sites in a direct orientation, facilitating deletion between
them and causing asymmetry, as in a. (d) In gene trapping, the cassette must integrate in an orientation to capture the transcript. After characterization,
the cassette is then inverted to the neutral orientation by FLP action on sites placed in a FlEx configuration. The cassette is then ready for Cre-induced
conditional mutagenesis. (e) Cre-mediated chromosomal translocations produce asymmetries after sister chromatid exchange. One of the four possible
product cells will contain a chromosomal arm that is homozygous with respect to a mutation (red boxes).

analysis of the recombination event. For genes that cannot be targeted
with a promoterless construct, we recommend using a subclone that is
designed to maximize the length of homology, while retaining a convenient way to verify correct recombination by Southern blotting. These
gene-specific targeting constructs, Southern-blot probes and results can
facilitate future targeting to create different alleles. Ideally, the next few
years will bring a steady accumulation of these reagents toward a readily
available, nearly complete set for genome targeting.
Site-specific recombination and conditional mutagenesis
The site-specific recombinases Cre and FLP have been applied to various strategies of genome manipulation in many living systems. The
most precise is conditional mutagenesis in the mouse, which arises
from a combination of homologous recombination and the properties
of Cre recombinase3–6. To reserve Cre for this task, the thermostable
FLP recombinase FLPe is used for working tasks, such as the removal
of selectable genes31,32. Conditional mutagenesis relies on placing two
loxP sites in the otherwise unaltered gene of interest33. On exposure to
Cre, recombination between the loxP sites deletes the sequence between
the two sites. Therefore, the loxP sites must be placed either side of an
essential section of the gene. Preferably, all of the gene should be flanked
by loxP sites, but this is impractical unless the gene is very small.
Site-specific recombination depends on random collision between
two recombination target sites34. For genes embedded in chromatin in
the nucleus or during M phase events, the rate of random collision will
be affected by at least two parameters. The first, which is measurable,
is the distance between the two sites along a chromosome: the further
the two sites are apart, the less often they are likely to collide, leading
to lower rates of recombination. The second is the ‘position effect’, a
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source of variability that is not understood. Consequently, designing
conditional alleles involves an unpredictable factor. Pragmatically, it is a
balance between minimizing the distance between loxP sites and excising exons that either encode a vital segment of the protein or result in a
frame-shifted open reading frame when omitted from the mRNA. This
balance means that the design of each conditional allele requires a careful consideration of the gene structure. Work is underway to develop
a generic strategy for conditional mutagenesis that will be applicable
to most genes without the need to consider the individual gene architecture. Similar to earlier progress in allele design, gene trapping is
leading the way35.
The basic approach in generic conditional mutagenesis is to place a
cassette flanked by inverted loxP sites into an early intron. In one orientation, the cassette is neutral because it is unrecognized by the splicing
machinery. On exposure to Cre recombinase, the cassette is inverted
to a dominant orientation, which captures splicing of the transcript
and then terminates it, thereby preventing the production of downstream mRNA. Although this approach is simple, its implementation
is not straightforward because Cre-mediated recombination is inherently reversible. Without a source of asymmetry in the DNA, Cre-loxP
recombination equilibrates at a substrate to product ratio of 50:50. For
deletion strategies, the asymmetry comes from the difference between
forward intramolecular recombination and reverse intermolecular
recombination (Fig. 2a).
For inversion strategies, asymmetries can be imposed in two ways:
either by using mutated lox sites36, called lox66 and lox71 (Fig. 2b), or
by Flip excision37 (FlEx; Fig. 2c). Inversion strategies in generic conditional mutagenesis depend on an intronic cassette that is neutral in
one orientation but dominant in the other with respect to the splicing
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machinery. Work with gene trapping has shown that splice acceptor
and polyadenylation stop cassettes, when integrated into early exons,
are dominant in most cases38,39. The challenge now lies in developing
cassettes that are dominant in the sense orientation but completely
neutral in the opposite orientation.
Gene trapping
Gene trapping is the most cost-effective way to create gene-specific
mutations. Various gene trapping laboratories have coordinated their
activities in the International Gene Trap Consortium30 and mutations
in more than one-third of genes are now available (http://www.igtc.
org.uk/). Through their efforts and those of a commercial gene trapping activity39, some inherent characteristics of gene trapping have
been identified. Not surprisingly, genes that are strongly expressed in
ES cells are the most easily trapped. Large genes are also favored, as is
integration into introns at the 5′ end. Although characteristics differ
according to the gene trapping cassette and the gene, the most useful
cassettes produce a null allele when they are integrated near the 5′ end
of a gene. It is possible that gene traps that are integrated into the first
or early exons capture splicing and terminate the transcript more reliably than those that are integrated at more 3′ regions. Verification of
this observation requires more data.
Through the development of a double FlEx strategy (Fig. 2d), conditional gene traps are now being generated and more than 1,000 alleles are
available from the International Gene Trap Consortium. Although preliminary results are encouraging, the utility of these alleles will depend
on whether the gene trapping cassettes are indeed dominant in one
orientation and neutral in the other, and whether they function as well
in vivo as they do in ES cells. Further cassette development will probably
be an important aspect of conditional mutagenesis in the future.
Functional genomics with ES cells
In addition to producing mice, ES cells form the basis of various functional models. Undifferentiated, they are a model for pluripotency and
stem cell issues40. They can be differentiated into numerous cell lineages, thereby facilitating mechanistic analyses of lineage commitment
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Figure 3 Strategies to create homozygosity in ES
cells. (a) Double targeting of the second allele is
possible by using a different selectable marker
either by exchanging the selection marker from
neo, for example, to the hygromycin resistance
(hygro) cassette in the first targeting construct or
by obtaining a clone from the MICER resource.
(b) Selection for rare chromosomal dysjunction
can be achieved by increasing the selection
pressure for the first targeted allele (e.g.,
by selecting with G418). (c) When the gene
function cannot be eliminated from ES cells
without adverse effects, a conditional strategy is
required. Here, for example, the starting allele
is converted to a neutral FlEx conditional allele
by FLP recombination to remove the FRT-flanked
stop cassette. The second allele is targeted with
the original targeting construct without the FlEx
cassette to permit conditional mutagenesis by
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to the double FlEx conditional gene trapping
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FRT

and differentiation41. Thus, it is logical to consider how the libraries of
mutated ES cells can be applied to functional genomics. These libraries provide cells with a mutation in one allele; autosomal genes usually
need to be mutated on the other allele for functional analysis. If the first
allele has been mutated by targeting, then mutagenesis of the second
allele can be greatly facilitated by reusing the targeting construct after
the selectable marker is exchanged42 (Fig. 3a). Thus, targeted ES cell
lines available in the public resource should be accompanied with the
targeting reagents (targeting construct, generic cassette to exchange the
selectable marker, subclones for Southern-blot analysis) to facilitate
targeting of the second allele or the generation of further alleles.
If the first allele has been mutated by trapping, it may be possible to use a clone from the Mutagenic Insertion and Chromosome
Engineering Resource (MICER)43 to mutate the second allele. MICER
clones are annotated, random subclones of strain 129 that are readily
obtainable (http://www.ensembl.org/Mus_musculus). Because these
clones are insertion vectors (rather than the conventional replacement
targeting vectors), they result in high rates of homologous recombination, albeit with the complication that the targeting site becomes
duplicated so that the allele generated may not be null. Nevertheless,
MICER can provide a convenient option.
A third general strategy to mutate both alleles involves creating
homozygosity by selecting for the duplication of whole, or nearly whole,
chromosomes. One mechanism involves selecting for rare defects in
chromosomal segregation44 (Fig. 3b). Another involves the use of loxP
sites placed near centromeres, coupled with Cre recombinase and a suitable selection strategy18 (Fig. 2e). These chromosomal conversion strategies for establishing homozygosity, however, cannot be easily applied to
the seven chromosomes that carry imprinted regions. In addition, the
Cre-based strategy requires the prior creation of a specific ES cell line
with integrated loxP sites for each chromosome. Thus, the use of chromosomal conversion to achieve homozygosity will probably be confined
to exercises that concentrate on a few selected chromosomal arms.
Whether starting from a gene trap, targeted allele or loxP chromosome,
strategies to mutate both alleles benefit from a conditional mutagenesis
approach. If a gene is essential to ES cells, both of its alleles cannot be
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Figure 4 Engineering above 10 kb. (a) Chromosomal translocations can be mediated by Cre through loxP sites (triangles) on heterologous chromosomes
with selection, or on homologous chromosomes with or without selection. (b) Inversions between inverted loxP sites (designated A and B) mediated by Cre
create balancer chromosomes. (c) Large deletions mediated by Cre are possible unless the deleted interval contains a haploinsufficiency gene. (d) Regional
exchanges of up to 200 kb can be achieved by RMCE, which requires a heterospecific pair of recombination target sites. (e) Smaller regional exchanges may
be achievable by using a large targeting construct containing the exchange region flanked by homology arms.

mutated to null alleles. In this situation, conversion of one allele to a
conditional one permits mutagenesis of the other (Fig. 3c). Even when
the gene is not essential, a conditional allele is preferable because the other
allele can be mutated without provoking compensatory adaptations.
RNAi
For loss-of-function engineering, RNAi provides an alternative to DNA
mutagenesis45. RNAi can be used for rapid functional genomics with
ES cells without the complications of the second allele discussed above.
This flexibility has a lot of appeal and RNAi will undoubtedly have a key
role in functional genomics with ES cells. Used in combination with F1
cells, it has already proved very effective at generating embryos derived
completely from ES cells for functional tests during development15.
Unlike DNA mutagenesis, RNAi also facilitates large-scale screens, in
particular when short interfering RNAs are used for transient knockdown of expression46 or as pools of expression constructs for identifying a selectable outcome47.
Given these advantages, will RNAi replace DNA mutagenesis? As
currently applied, RNAi provokes degradation of specific mRNA and
is therefore a balance between ongoing production and degradation.
Although it is likely that this balance can be maintained stably in
cultured cells, little is known about what happens when RNA levels
fluctuate during development or owing to changes in environmental
conditions such as stress. For these and other reasons, much more experience is needed before the strengths and limitations of RNAi applications in the mouse or in differentiating ES cells are appreciated. It is
too early to decide. For example, recent data from adult mice show
a currently inexplicable variation in the degree of expression knockdown among cell types48. These preliminary data suggest that cell type
variability could make the interpretation of RNAi phenotypes exceedingly complicated.
Superficially, DNA mutagenesis seems to be at a disadvantage to
RNAi because both alleles need to be mutated at the DNA level, whereas
a single RNAi transgene knocks-down both alleles. For functional work
with ES cells, the availability of gene trap or targeted ES cells diminishes this disadvantage because one allele has been already mutated. For
establishing mouse lines, retaining the function of one allele is very useful. To establish mouse lines with RNAi knock-down of essential genes,
a strategy for conditional expression of the RNAi is required. Such
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strategies are being developed49,50, but it is not known whether several
conditional RNAi lines will need to be established to obtain a useful
line, or how this may be achieved reproducibly. For example, Seibler et
al.48 knocked a short hairpin RNAi transgene into the ROSA26 locus to
achieve reproducible, ubiquitous expression, but they did not achieve
uniform knock-down.
A further point to consider is that RNAi can produce only a knockdown in expression. Mutagenesis at the DNA level is required for point
mutagenesis, for creating humanized alleles, for generating fusion proteins and for various other tasks, all of which will benefit from expanding the reagents for DNA mutagenesis.
Cre is the sharpest tool in the box
Though a useful tool, Cre recombinase is dangerous. Its expression
can provoke mutagenesis through strand breakage or recombination
at cryptic lox sites in the genome51,52. It is essential to be aware of the
potential for undesired Cre-mediated mutagenesis to influence the
experimental outcome. This is particularly relevant in experiments
involving Cre-provoked tumorigenesis and other situations where the
product cell is clonally amplified after Cre has acted. For experiments
using conditional mutagenesis, a comparison of the Cre transgene in
the heterozygous lox allele background with the Cre transgene in the
homozygous lox (or heterozygous lox and null) allele background is
an essential control.
Though not wishing to diminish the importance of this warning,
we would suggest that so far the collective experience with Cre gives
grounds for reasonable confidence. There is a workable window between
intended loxP recombination and cryptic lox activity. In addition, the
increasingly popular strategy of fusing a site-specific recombinase with
a steroid receptor53 presents a way to limit Cre activity and thereby to
lessen the chances for cryptic damage in the genome.
Genome engineering above 10 kb
Cre-loxP recombination has been applied to the full size range of engineering tasks, from the short-range, highly efficient events that underline
conditional mutagenesis to the most difficult that involve translocations
between nonhomologous chromosomes. For example, Cre-mediated
chromosomal translocations have been used to recapitulate leukemiogenic translocations54 (Fig. 4a). Because this rare event is amplified by
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the leukemia, it need not be particularly efficient. Cre-mediated translocations between homologous chromosomes or chromatids, however,
occur at workable efficiencies without amplification. Notable applications include chromosomal engineering through the germ line55,56
and somatic cell marking57. Cre-mediated large inversions also have
been used to develop balancer mouse lines, which have advantages in
genotyping and stock maintenance58 (Fig. 4b). Similarly, large deletions
mediated by Cre are also feasible without selection56 (Fig. 4c).
For engineering on a more moderate scale, both Cre and FLP have
been used for recombination-mediated cassette exchange (RMCE)59.
This genome engineering strategy requires antibiotic selection in cultured cells and is therefore unique to the mouse because of ES cells.
It involves the exchange of a genomic region flanked by heterotypic
recombinase target sites (e.g., loxP and lox5171 or FRT and F3) with
an incoming region that is also flanked by these sites (Fig. 4d). RMCE
seems to be practical up to, and perhaps beyond, BAC-sized DNA
exchanges (up to 200 kb) and is the method of choice for replacing
a mouse gene with its human counterpart (called ‘humanizing’) and
other permutations of regional replacements. During RMCE, ES cells
often need to be transfected and cloned under selection several times,
which can result in impaired germline transmission. Thus, RMCE
applications frequently include the generation of mice and derivation
of new ES cell lines that carry intermediate steps of the engineering
plan. A less laborious approach for regional replacements based on
only one round of targeting with a complex targeting construct may
be a preferable method60,61 (Fig. 4e).
Space for new tools
As evident from the discussion so far, there are more applications for
site-specific recombination than there are site-specific recombinases.
Ideally, each application would have its own recombinase (e.g., Cre for
conditional mutagenesis, FLPe for removing selection cassettes, a third
for RMCE, a fourth for chromosomal engineering). Consequently, there
is still a need for new useful recombinases.
Recently, it seemed that φC31, a recombinase from Streptomyces,
could be added to the toolkit; however, its performance has not matched
its promise, possibly owing to a fundamental problem. φC31 is a member of the serine site-specific recombinases. Unlike the tyrosine sitespecific recombinases, such as Cre and FLP, the serine recombinases
require a topologically wrapped substrate, which is usually established
by the supercoiling energy available in prokaryotic genomes62. The
observation that φC31 could recombine linear DNA in vitro was therefore unexpected and led to the definition of a subclass called the ‘large
serine’ recombinases and prompted tests in eukaryotes63,64. Although
φC31 has been applied usefully to RMCE in ES cells, an unusual asymmetry between intermolecular and intramolecular recombination was
noted20. This asymmetry suggests that the large serine recombinases
also need to wrap the substrate. If so, then φC31 will be useful only for
intermolecular exercises such as RMCE.
Recently, an explicit search for a Cre-like recombinase has uncovered
a very similar enzyme, termed Dre, which recombines rox sites but not
loxP sites65. It is to be hoped that Dre will be as usefulas Cre and become
the long-sought new member of the toolkit.
The most complete set of mutagenic options
N-Ethyl-N-nitrosourea (ENU)-based mutagenesis of ES cells adds a
new dimension to point mutagenesis in the mouse genome, which was
previously accessible only by ENU treatment of testis66. Because ES
cells can tolerate a high mutagenic burden and still retain germline
transmission, it is possible to screen a library of ENU-mutated ES cells
by tilling to find mutations in a chosen gene. Because a large proportion
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of point mutations affect splicing, gene-specific splicing mutations also
can be efficiently sought by screening cDNA pools from such libraries67. ENU mutagenesis may not be particularly suited to functional
genomics with ES cells because of the multiplicity of mutations that
it generates. In mice, these mutations are bred away from the object
of study; however, they will complicate functional analyses based on
ES cells, particularly those aimed at creating homozygosity through
‘homozygosing’ chromosomes.
In contrast to the central role of transposons in the genetics of most
model systems, applications of transposition in the mouse are relatively
undeveloped68. The recent addition of transposition to the mouse repertoire, through Sleeping Beauty, Minos or piggyBac69–72, completes
the full set of genetic tools available. Because the existing resources for
and capabilities of gene trapping and targeting are very advanced, it is
unlikely that transposition will have a strong role in genotype-driven
research. Rather, it will probably join ENU mutagenesis as a tool for
phenotype-driven research. Compared to ENU mutagenesis, transposition has the distinct advantage that the site of mutagenesis can be
identified rapidly. Transgenic lines that support efficient transposition
in the germ line have been developed to permit phenotypic screens
based on feasible breeding program sizes71,72. In addition, transposons
can be applied as somatic mutagens to screen for tumor promoting
mutations on sensitized backgrounds73.
Mouse genome engineering is replete with options. One of the main
challenges involves finding the optimal ways in which to combine the
options. This is a welcome and tractable problem. Another important
issue involves determining the best way to use RNAi. Beyond one-byone analysis lies the challenge of genetic interactions. The vast scale of
combinatorial mutagenesis means that the definition of interactions and
pathways will require maximal input from all relevant sources, including proteomics, expression genetics and genetical genomics74,75.
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