
Experimental Physiology
http://journals.cambridge.org/EPH

Additional services for Experimental Physiology:

Email alerts: Click here
Subscriptions: Click here
Commercial reprints: Click here
Terms of use : Click here

Embryonic stem cells and gene targeting

Birgit Ledermann

Experimental Physiology / Volume 85 / Issue 06 / November 2000, pp 603 - 613
DOI: null, Published online: 10 January 2001

Link to this article: http://journals.cambridge.org/abstract_S0958067000021059

How to cite this article:
Birgit Ledermann (2000). Embryonic stem cells and gene targeting. Experimental Physiology, 85, pp 603-613

Request Permissions : Click here

Downloaded from http://journals.cambridge.org/EPH, IP address: 128.143.23.241 on 27 Oct 2013



Embryonic stem (ES) cells and the application of gene
targeting technology in ES cells have had a profound impact
on genetic analysis in the mouse during the past decade.

Nearly two decades ago two independent groups described the
isolation of undifferentiated embryonic stem cells from
explanted mouse pre-implantation embryos (Evans & Kaufman,
1981; Martin, 1981). In 1984 Bradley et al. demonstrated the
capacitiy of ES cells to colonize the germ-line of chimeric
mice upon injection into host embryos. The following year,
the so-called gene targeting procedure, the exchange of an
endogenous allele of a target gene for a transfected mutated
copy via homologous recombination events, was first achieved
in the â_globin gene in cultured mammalian cells by Smithies
et al. (1985). This approach was then successfully applied in
embryonic stem cells with the selectable Hprt-locus by
Thomas & Capecchi (1987) and Doetschman et al. (1988).
In 1989 followed the first publication of an HPRT-knock-out
mouse, an animal model for the human Lesh Nyhan
syndrome, generated with HPRT-deficient ES cells (Koller et
al. 1989). In the same year the first mouse carrying a targeted
inactivation of a non-selectable gene, the proto-oncogene c-

Abl, was reported (Schwartzberg et al. 1989). Since then the
number of published targeted mouse mutants has risen
dramatically (for review see Brandon et al. 1995). The
technology has been further improved with the development of
inducible trans-activator or recombinase systems that enable
the temporal and spatial control of gene modifications thereby
further expanding the flexibility of gene targeting. At present,
the zoo of ‘designer’ mutant mice ranges from animals
carrying constitutive knock-out of genes, subtle mutations,

gene replacements, inversions, deletions, chromosomal
translocations and tissue-specifically inducible genes.

This review describes the essential tools and methodologies
used for gene targeting that have been developed over the past
decade. The first part is focussed on embryonic stem cells: the
ES cell lines currently available for gene targeting, the
importance of the genetic background and mutant phenotype
and ES cells as vehicles for generating transgenic mice.

The second part includes: the basic techniques used to
generate genetically modified mouse models and the state-of-
the-art of gene targeting approaches in species other than mice.

Embryonic stem cells

ES cell lines that keep their pluripotency after transfection and
selection procedures are essential for the introduction of
selected targeted mutations into the germ-line of mice.
Pluripotent ES cells are established in vitro from the inner cell
mass of explanted blastocyst-stage embyros (Evans &
Kaufman, 1981; Martin, 1981; Ledermann, 1997). ES cells
are maintained in a pluripotent state by co-culturing with
mitotically inactivated feeder cells, such as embryonic
fibroblasts, andÏor the addition of a differentiation-inhibiting
activity called leukaemia inhibitory factor (LIF, Smith &
Hooper, 1987; Williams et al. 1988). The developmental
potential of ES cells may be investigated in vitro by omitting
LIF from the culture medium, or in vivo by microinjection of
ES cells into morulae or into the blastocoel cavity of a
blastocyst. When pluripotent the ES cells participate in normal
development of the embryo and contribute to all three germ
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layers including the germ-line of the resulting chimeric animal
(Evans & Kaufman, 1981). Alternatively, to form chimeras,
ES cells can simply be aggregated with host morulae (Wood et
al. 1993a,b), thus omitting the technically intricate micro-
injection step.

The derivation of germ-line competent ES cell lines from
species other than mice has so far not been possible (see also
Outlook). Even in the mouse the currently used strategies
revealed differences in the efficiencies of ES cell establishment
when using various inbred strains (author’s unpublished
observation). And, thus far, using a standard protocol our
laboratory has not been able to derive stable ES cell lines from
NOD (non-obese diabetes) and Friend virus B mouse strains.
This certainly reflects the poor knowledge about the biology
of ES cells. Only recently, elements of the intracellular signal
transduction pathways regulating stem cell renewal have been
identified. It has been demonstrated that pluripotency of ES
cells is maintained through the action of cytokines that engage
the gp130 cytokine receptor-subunit (Niwa, 1998; Matsuda,
1999).

Mouse substrain 129-derived embryonic stem cell lines

The vast majority of germ-line competent ES cell lines used in
gene targeting experiments have been derived from blastocysts
of sublines of the mouse substrain 129 (Table 1). Historically
the 129ÏSv strain was chosen because this strain is
characterized by a high incidence of spontaneous testicular
teratomas or teratocarcinomas and initially served as a source
of embryonal carcinoma cell lines (Silver et al. 1983).

Inbred strain-derived ES cell lines

In the beginning, the derivation of ES cells from mouse strains
other than 129 seemed not to be possible (Smith, 1992).
However, after modifiying the original protocol used for the
establishment of 129-derived ES cells, embryonic stem cells
from other so-called non-permissive inbred mouse strains have
been successfully isolated (Ledermann & B�urki, 1991;
Kawase et al. 1994; Roach et al. 1995; McWhir et al. 1996;
Brook & Gardner, 1997; Noben-Trauth et al. 1996).

The successful use of inbred strain-derived ES cells for gene
targeting experiments depends largely on optimal culture
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Table 1. Mouse substrain 129 -derived ES cell lines used in gene targeting experiments

––––––––––––––––––––––––––––––––––––––––––––––

Cell line Gene Reference
––––––––––––––––––––––––––––––––––––––––––––––

D3 (129ÏSvPas) á5 integrin Yang et al. (1993)
Fibronectin George et al. (1993)

CCE (129ÏSvEv) c-abl Schwartzberg et al. (1989)
Neurofibromatosis type_1 Brannan et al. (1994)

AB_1 (129ÏSvEvBrd) wnt_1 McMahon & Bradley (1990)
ICAM_1 Sligh et al. (1993)

J1 (129ÏSvJae) Neurotrophin_3 Ernfors et al. (1994)
p75

NGFR

Lee et al. (1992)
R1* (129ÏSvJ) Engrailed_1 Wurst et al. (1994)
E14TG2a† (129ÏOlaHsd) IL_4 Kuehn et al. (1991)

TGF-á Luetteke et al. (1993)
HM_1† (129ÏOlaHsd) ERCC_1 McWhir et al. (1993)
TC_1 (129ÏSv) MplÏG-CSFR Stoffel et al. (1999)

––––––––––––––––––––––––––––––––––––––––––––––

*This cell line can be used for the generation of aggregation chimeras. †These cell lines are HPRT deficient
and can be used both for positive (HAT-medium) and negative (6-TG-medium) selection (see Fig. 1).

––––––––––––––––––––––––––––––––––––––––––––––

––––––––––––––––––––––––––––––––––––––––––––––

Table 2. C57BLÏ6-, BALBÏc-, DBAÏ1- and MRL-derived ES cell lines used for gene targeting

––––––––––––––––––––––––––––––––––––––––––––––

Cell line Gene Reference
––––––––––––––––––––––––––––––––––––––––––––––

Bruce 4 (C57BLÏ6) MHC class II Aa Koentgen et al. (1993)
CD3 æÏç Malissen et al. (1993)

BLÏ6-III (C57BLÏ6) Igê Zou et al. (1993)
Perforin K�agi et al. (1994)
CD23 Yu et al. (1994)
PBGD Lindberg et al. (1996)
IL_5 Kopf et al. (1996)

BALBÏc-I IL_4 Noben-Trauth et al. (1996)
IL_4Rá Mohrs et al. (1999)

DBA_252 (DBAÏ1) FLAP Roach et al. (1995)
MRL Ep2 Goulet et al. (1997)

––––––––––––––––––––––––––––––––––––––––––––––

––––––––––––––––––––––––––––––––––––––––––––––



conditions, especially serum-, feeder cell- and water quality,
and the technical skill of the investigator. For example,
C57BLÏ6-derived ES cell lines easily loose their ability to
colonize the germ-line upon injection into a host blastocyst in
contrast to 129-derived and BALBÏc ES cells (author’s
unpublished observations).

Mutant phenotype and genetic background

The analysis of targeted mutations revealed that an observed
mutant phenotype is often less severe than expected, andÏor
detectable only in a subset of the tissues which normally
express the target gene. This has been observed in a variety of
knock-out mice. The explanation for this observation is the
existence of functional redundancy between genes (Gridley,
1991; Doherty, 1993; Strohman, 1994) and compensatory
mechanisms between gene family members, an example being
the myogenic factors, see below. A possibility for investigating
the redundancy and compensatory mechanisms is the
generation of double (or, if necessary, multiple) knock-out
animals. This has been demonstrated for a variety of gene
families (for review see M�uller, 1999) including two members
of the MyoD family of myogenic transcriptional regulators:
MyoD and Myf_5. Single knock-out mice for these genes
develop fairly normal amounts of muscle (Rudnicki et al.

1992; Braun et al. 1992) whereas in double-knock-out
animals no muscle is formed (Rudnicki et al. 1993). In
contrast, Il_2 and Il_4 double knock-out animals have not
exhibited any cumulative phenotype, indicating functional
independence of IL_2 and IL_4 (Sadlack et al. 1994).

Another important finding with knock-out mice is the fact that
the genetic background of the induced mutation affects the
phenotype of the homozygous mutant mice (for review see
Gerlai, 1996; Doetschman, 1999; M�uller, 1999). One of the
first examples was reported by Ramirez-Solis et al. (1993).
They demonstrated incomplete penetrance and variable
expressivity of a Hoxb_4 mutation in a 129SvEvÏC57BLÏ6j
hybrid background compared with complete penetrance of the
induced mutation in an inbred 129SvEv background. This is
not surprising because with the establishment of mouse inbred
strains it has become clear that the genetic background plays
an important role in the susceptibility of mice to many
disorders. These effects might be due to polymorphic modifier
genes in different mouse strains. Even mouse 129 substrains
from which the majority of ES cell lines have been established
and used for the generation of gene targeted mice show
extensive genetic variability (Simpson et al. 1997) and differ
in reproductivity and behaviour (Festing, 1996).

The general strategy for generating gene targeted mice so far,
includes the use of 129-derived ES cell lines and the
backcrossing of the induced mutation onto other inbred strain
backgrounds such as C57BLÏ6 or BALBÏc. The mutation can
then be backcrossed onto different inbred strain backgrounds
to generate congenic strains and to identify modifyer loci.
There may be also benefits to looking at mixed strain back-
grounds. Mixed genetic background knock-out mice often
have a wider range of phenotypes (Doetschman, 1999).

The traditional approach requires backcrossing for about 10
generations in order to reach a 99% inbred strain background.
This process takes about 2—3 years. The number of necessary
generations may be limited by using the speed congenics
approach, a marker-assisted breeding (Markel et al. 1997).
However, even with extensive backcrossing the DNA
immediately surrounding the targeted locus would not be of
inbred strain origin. Genes closely linked to the disrupted
locus could influence the phenotype of the induced mutation
which complicates the interpretation of the results. With the
availability of inbred strain-derived ES cell lines as listed in
Table 2, it is now possible to induce a mutation on the genetic
inbred background of choice without laborious and time-
consuming breeding. This is especially important for the
availability of control animals when behavioural studies have
to be carried out.

Generation of transgenic mice via ES cells

The generation of transgenic mice via the ES cell route, a
technique first described by Gossler et al. (1986) and
Robertson et al. (1986) has not found widespread application
since the generation of transgenic animals via pronuclear
microinjection is much faster and less laborious. However, the
ES cell route to transgenesis offers some advantages compared
with the classical microinjection technique.

Inbred strain-derived ES cells may be used to generate
transgenic mice since the efficiency for producing transgenic
mice on these backgrounds via pronuclear microinjection is
very low (author’s unpublished observations) due to the overall
reduced reproductive efficiency in inbred strain backgrounds
(Brinster et al. 1985). For example, the efficient generation of
transgenic BALBÏc mice has been demonstrated by Dinkel et
al. (1999) when using BALBÏc embryonic stem cells. The
transfected ES cell clones can be screened in vitro for correct
configuration andÏor copy number of the transgene and
expression, cells with a desired genetic alteration can be
chosen for injection into blastocysts. The transgenic ES cells
can also be analysed regarding their in vitro differentiation
potential.

Embryonic stem cells can be used for the targeted insertion
(knock-in) of transgenic sequences thereby overcoming the
problem of unreliable transgene expression (for review see
Jasin et al. 1996). The foreign sequences may be placed under
control of the regulatory elements of that locus. The transgene
sequences may be inserted, leaving the target locus
functionally intact or, alternatively, they may replace part of
the target gene, thereby disrupting the endogenous gene. An
endogenous murine gene may thus be replaced by a reporter
gene, e.g. the Escherichia coli lacZ gene. Mansour et al.

(1990) have introduced the lacZ gene into the murine Int_2
locus so that the endogenous promoter of the targeted gene
controls the reporter gene. The expression of these genes can
be followed in situ throughout embryogenesis of the mutant
animal. Homozygous embryos will allow the visual assessment
at the cellular level of gene inactivation effects in transgenic
mice. An elegant way to study the potential role of cytokines
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and their receptors in hematopoietic cell fate decisions has
been published by Stoffel et al. (1999). They replaced the
thrombopoietin receptor gene (Mpl) with a chimeric construct
encoding the extracellular domain of Mpl and the cytoplasmic
domain of the granulocyte colony-stimulating factor (Gcsfr).
The chimeric receptor binds thrombopoietin but signals
through the Gcsfr intracellular domain. Using this approach it
was demonstrated that the cytoplasmic domain of Gcsfr can
functionally replace Mpl signalling in vivo to support normal
megakaryopoiesis and platelet formation.

Knock-in approaches may also be used to drive the tissue-
specific expression of the Cre recombinase in tissue-specific
gene targeting approaches (see also Tissue-specific gene
targeting). For example, Rickert et al. (1997) have achieved
B-cell specific expression when targeting the cre gene into the
Cd19 locus.

An endogenous murine gene of choice can also be replaced by
human sequences (Stacey et al. 1994; Bonaventure et al.

1999). This concept of replacing the endogenous murine gene
by human sequences via gene targeting or via the combination
of knock-out mice with mice overexpressing human
transgenes will become increasingly important for the in vivo

testing of drug efficacy.

Gene targeting

Before starting a gene targeting experiment the researcher has
to carefully plan the experimental strategy of the targeting
approach and should consider both options for constitutive and
conditional gene targeting and the genetic background of the
induced mutation. An optimal strategy is dependent on the
biological problem to be analysed and therefore no general

strategy can be recommended. The appropriate design of a
targeting construct and the choice of a suitable ES cell line
will result in mouse models with higher predictive values and
limit the time and expense associated with the mouse breeding.

The equipment and experimental procedures used to generate
gene-targeted mice are accurately described in laboratory
handbooks by Hogan et al. (1986), Wassarman & De
Pamphilis (1993), Torres & K�uhn (1997), Kopf (1997) and
Joyner (1998).

Types of targeting constructs

Two types of constructs have been used to modify target genes
in ES cells: replacement-type vectors and insertion-type
vectors (Fig. 1). Replacement-type vectors contain part of the
genomic target sequence with a mutant foreign sequence such
as a positive selection cassette, inserted within the coding
region. The vector is linearized outside the region of
homology. Such vectors recombine with the target gene by a
double cross-over event, resulting in the replacement of the
chromosomal DNA by the targeting construct.

Insertion-type vectors are linearized within the region of
homology. Such vectors are inserted entirely into the target
gene locus by a single crossover event, leading to a partial
duplication of the homologous DNA. The position of the
linearization site will affect the structure of the recombinant
allele. Therefore, for the design of an insertion-type vector it
is important to consider the potential RNA species and
splicing possibilities of the recombinant allele. With this type
of vector the target gene can either be inactivated or mutated
through the introduction of subtle mutations.

B. Ledermann Exp. Physiol. 85.6606
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The selection cassettes should, whenever possible, be removed
after identification of homologous recombination events. It has
been shown that strong promoters driving the selection marker
expression may interfere with the expression of neighbouring
genes (Fiering et al. 1995). Removal of the selection cassette
is easily achieved by applying the CreÏloxP recombinase
system (Fig. 2, see also Tissue-specific gene targeting).

Introduction of subtle mutations

Several strategies have been designed to introduce subtle
mutations (e.g. point mutations) into the target locus without
leaving selectable sequences in the target gene, to analyse gene
function and for correction of specific gene defects in gene
therapy.

These strategies include the ‘hit and run’ or ‘in and out’
strategy that requires two steps of recombinations and is based
on an insertion-type vector containing a subtle mutation in the
target gene and a positive and a negative selection marker in
the plasmid backbone (Hasty et al. 1991; Valancius &
Smithies, 1991). The ‘tag and exchange’ strategy involves also
two sequential gene targeting steps using two different
replacement type vectors (Askew et al. 1993). A modification
of this protocol is the so-called ‘plug and socket’ approach
developed by Detloff et al. (1994). A much simpler method
for introducing subtle mutations into the target gene has been
developed by Reid et al. (1991) and Davis et al. (1992). The
selection marker and the target construct containing minor
alterations are located on separate DNA fragments and
introduced simultaneously into ES cells by co-electroporation.
ES cell clones with a homologous recombination event in the
target locus together with a random insertion of the selection
marker have been identified. The selection marker will be
separated from the targeted allele during meiosis following
transmission through the germ-line.

The most commonly applied method for introducing subtle
mutations is based on the site specific recombinases from
bacteriophage P1 or yeast. The 38 kDa Cre recombinase from
bacteriophage P1, which has been shown to be more efficient
in ES cells than the yeast recombinase FLP (for review see
Rossant & McMahon, 1999), catalyses a loxP-dependent site-
specific recombination in both prokaryotic and eukaryotic
cells (Fig. 2). In the first step, a sequence flanked by two 34 bp
loxP sites in the same orientation can be inserted into a target

locus. In the second step, it is efficiently removed from the
chromosome by subsequent expression of the Cre recombinase.
For the introduction of subtle mutations, for example, the
selection marker flanked by two loxP sites is inserted into an
intron of the mutated genomic targeting sequences. This
construct is used to replace part of the target locus by
homologous recombination. After positive selection, the Cre
enzyme is transiently expressed in the targeted ES cells clones.
Cre catalyses a loxP-dependent recombination thereby excising
the potentially disruptive selectable marker gene, leaving a
single loxP site in the intron of the mutated target gene.
Alternatively, for removal of the selection cassette, animals
carrying the loxP-flanked selection marker are being bred
with so-called Cre-deleter mice (see also Tissue-specific gene
targeting).

Recently, a FLP recombinase variant with improved activity,
FLPe, has been reported (Rodriguez et al. 2000) as an
alternative to, or in conjunction with, the Cre—loxP system.

Enrichment for gene targeting events

Electroporation is the transfection method of choice for the
introduction of a targeting construct into ES cells. However,
the disadvantage of this technically very simple method is the
low transformation efficiency (10¦Å) and therefore it is
necessary to include a positive selection marker (Fig. 1). The
most commonly used selection cassette is the prokaryotic
neomycin phosphotransferase (neo) gene driven by the
phosphoglycerate kinase_1 (Pgk_1) promoter. Other selection
markers commonly used in gene targeting experiments are the
prokaryotic hygromycin B phosphotransferase- (hph) and the
puromycin (puro) gene. Alternatively, the use of Hprt

minigenes as the selectable marker in HPRT-deficient ES cells
has been described (Reid et al. 1990; Selfridge et al. 1992).

Homologous recombination occurs approximately 1000-fold
less frequently than non-homologous recombination, therefore
methods have been developed to enrich for homologous
recombination events. A widely applied method includes the
use of a positive and a negative selection marker and does not
require the expression of the target gene in ES cells (Mansour et
al. 1988). The targeting construct is based on a replacement-
type vector containing the positive selection marker within the
region of homology and the negative selection marker at one
or both ends of the homologous DNA. Genes for the negative
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selection that have been used in this approach include the
herpes simplex virus thymidine kinase gene which converts
nucleoside analogues, such as ganciclovir or 1(1_2-deoxy-2-
fluoro-â-ª-arabinofuransosyl)-5-iodouracil (FIAU) into toxic
metabolites, the diphtheria toxin A gene (Yagi et al. 1990)
and, more recently, immunotoxin-mediated negative selection
has been applied (Kobayashi et al. 1996). In the first step, the
positive selection is applied for cells that have integrated the
targeting construct in their genome. In the second step, the
negative selection is applied against cells with a random
insertion of the construct, since cells carrying a targeted
integration event must have lost the terminal negative selection
marker. Positive—negative selection enhances the ratio of
targeted to non-targeted events only by 5- to 10-fold due to
occasional loss of the negative selection marker during
random integration.

The enrichment for homologous recombination events can be
increased by using a positive selection marker lacking 5'
(promoter) or 3' (polyadenylation signal) regulatory sequences,
provided the target gene is expressed in ES cells (reviewed by
Bradley et al. 1992). Another strategy for enrichment of
homologous recombination events was demonstrated by
Lindberg et al. 1996. In this approach, the artificial splice
acceptor site was placed in front of the coding sequence of a
promoterless neo

R

gene and this cassette was inserted into the
first intron of the target gene. As expected, the insertion
resulted in the splicing of the first exon to the neo

R

coding
sequence, thereby competing with the normal splicing, and the
generation of a fusion protein.

Double knock-out of target genes

The two alleles of the target gene can be inactivated
consecutively in ES cells through two rounds of homologous
recombination. This can either be obtained by using two
constructs containing different positive selection markers (Te
Riele et al. 1990; Mortensen et al. 1991), or by increasing the
G418 concentration after the first round of homologous
recombination (Mortensen et al. 1992), thereby selecting for
cells with the selectable marker also inserted in the second
allele. Using this approach, gene function may be studied
directly in ES cells in vitro or in a chimeric in vivo situation,
or in the RAG_2 blastocyst complementation assay for
lymphocyte development (see also Tissue-specific gene
targeting).

Screening for targeted ES cell clones

Two types of screening procedures are used to identify ES cell
clones carrying a targeted integration of the construct DNA:
polymerase chain reaction (PCR) and Southern blot analysis
(Southern, 1975). Both methods rely upon the specific
juxtaposition of vector components and target locus sequences
after homologous recombination. Asymmetric construct

The PCR is the most sensitive method for identifying cells
with a targeted integration event (Frohman & Martin, 1990).
Two oligonucleotide primers are used to amplify a specific
fragment created by the homologous recombination event.
One primer is complementary to sequences unique to the

target locus and the other is unique to sequences within the
targeting construct. PCR amplification of the expected
fragment is possible only when these primers are correctly
juxtaposed by a homologous recombination event.

Southern blot analysis is usually used to confirm the PCR
results. With the choice of restriction digest and probes for
hybridization, the wild-type allele can readily be distinguished
from the targeted allele since predicted novel restriction
fragments are generated by the homologous recombination
event.

Parameters affecting the frequency of homologous

recombination

The major parameters influencing the frequency of homologous
recombination in ES cells include the target locus itself or the
locus region, the length of homologous DNA used in the
targeting construct, transcriptional activity of the target locus,
the penetrance of the selectable marker (reviewed by Frohman
& Martin, 1989; Fung-Leung & Mak, 1992) and the use of
isogenic DNA (Van Deursen & Wieringa, 1992; Te Riele et

al. 1992).

Conditional gene targeting

The constitutive inactivation of genes in the mouse leads to
mice that are constantly deficient for the product of the deleted
gene. This may cause embryonic lethality, if the gene product
is crucial for delelopment. Its function in later stages of
development cannot be studied in this case. Also, a
constitutively deficient animal may compensate for the loss of
a gene product. The resulting phenotype may be close to the
wild-type animal, although the gene product has an important
function. These problems of a constitutive knock-out of a gene
can be avoided by tissue-specific and inducible gene
disruption strategies.

Tissue-specific gene targeting

Cells with a double knock-out of a particular gene may be
studied in a chimeric situation. In this respect, an elegant
method, named RAG_2-deficient blastocyst complementation,
to study the role of a target gene product in T- and B-
lymphocyte development, has been described by Chen et al.

(1993). Injection of normal ES cells into RAG_2-deficient
blastocysts will lead to the development of a normal
population of exclusively ES-derived lymphocytes in the
chimeric animal, since RAG_2-deficient mice lack mature B-
and T-lymphocytes. Using ES cells with homozygous
mutations, RAG_2-deficient blastocyst complementation could
provide a physiological assay to directly determine the
potential role of almost any gene in the development andÏor
function of lymphocytes in the chimeric animal.

The most widely adopted approach to achieve tissue-specific
gene targeting is the use of the Cre—loxP system. The gene
encoding the site-specific recombinase Cre is introduced as a
regulated transgene driven by a tissue-specific promoter. As
transgene expression is usually not fully penetrant, this
approach may be problematic for cells and organs with a
considerable regeneration capacity, such as bone marrow or
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the liver, because non-deleted cells most likely will displace
the transgenic cells. Alternatively, the cre gene is inserted by
‘knock-in’ gene targeting behind a suitable promoter an
example being the Cd19 locus for B-cell specific expression
(Rickert et al. 1997; see also Generation of transgenic mice
via ES cells). The Cre-transgenic mice are then combined
with gene-targeted mice carrying loxP flanked-genomic
regions of the target gene to be deleted or modified. The target
gene remains expressed until the cre gene is induced. Cre then
catalyses site-specific recombination between the loxP sites,
deleting the sequences inbetween and thereby leading to gene
silencing.

The temporal and spatial patterns of Cre activity may be
analysed by crossing the Cre-expressing mice with so-called
‘reporter-mice’. These mice carry a loxP-flanked stop codon
between an ubiquitous promoter and, for example, the lacZ-
reporter gene (Mao et al. 1999; Soriano, 1999). In all tissues
expressing Cre the stop codon will be removed and the Cre
activity can be monitored by X-Gal staining.

The generation of Cre transgenic mice using different tissue-
specific promoters revealed that Cre was sometimes
unexpectedly expressed already in the early embryo prior to
germ cell development. This resulted in the so-called ‘deleter
mice’ that upon combination with loxP flanked target mice
give rise to offspring carrying the deleted gene in every tissue
including the germ-line. These mice however, are an elegant
alternative to the Cre-mediated recombination in ES cells and
may be used for example, when combined with gene-targeted
mice, to remove the loxP-flanked selection cassette.

The following databases provide a source of information for
those Cre transgenic mice already in existence: A. Nagy,
private database: http:ÏÏwww.mshri.on.ca/develop/Nagy/
Cre.htm; European mouse mutant archive (EMMA):
http:ÏÏwww.emma.rm.cnr.it; The Jackson Laboratory, Bar
Harbor: http:ÏÏwww.jax.org.

Inducible gene targeting

With the development of conditional gene targeting it is now
possible to control gene targeting both in a tissue-specific and
temporal manner. Several inducible systems have been
developed to achieve inducible expression of Cre controlled
either at the transcriptional or at the post-transcriptional level
(reviewed by Gingrich & Roder, 1998; Rossant & McMahon,
1999). However, all inducible systems developed so far still
have disadvantages such as background activity in the absence
of the inducer, efficiency of Cre-mediated recombination and
toxic effects caused by the inducer

Transcriptional control-based approaches. The first
inducible tissue-specific gene deletion was reported in 1995 by
K�uhn et al. The cre gene was expressed under the control of
an inducible promoter of the mouseMx1 gene. This transgenic
mouse was combined with a mouse line carrying a loxP
flanked DNA polymerase â gene as a target. By treating the
double transgenic mice with IFN-á or double-stranded RNA,
both agents that induce the Mx1 promoter, gene deletion was
induced. The deletion occurred within 2 days after injection of

the inducers and the degree of deletion varied from up to
100% in the liver to 10% in brain. This inducible system may
have a drawback for inducible gene inactivations in the immune
system since the inducing agents have severe side-effects.

Gossen & Bujard (1992) have adapted tetracycline-responsive
promoter elements from bacterial genes to mammalian gene
control. The gene for the tetracycline-repressor protein has
been fused to the gene of a viral activator protein. This hybrid
activator can bind to a target gene that carries the operator
sequence recognized by the tetracycline repressor. The viral
activator will turn the gene on. When tetracycline is present,
however, it will bind to the hybrid protein and prevent its
binding to the operator. The target gene is therefore shut
down. The reverse system has also been applied. A mutant
tetracycline repressor that requires tetracycline derivatives for
specific DNA binding was fused to the viral transactivator. By
giving the drug derivative, the target gene can be turned on
(Gossen et al. 1995).

Another system for switching genes on or off has been applied
by No et al. (1996) by using the Drosophila steroid hormone
ecdysone. Ecdysone binds to a receptor, consisting of a
heterodimer, which then moves into the nucleus, binds to its
recognition sequence and activates genes. Since normal mouse
genes do not respond to the insect hormone, ecdysone
induction can be used in the mouse in vivo.

Post-transcriptional control-based approaches. Several
groups have applied inducible systems based on the activity of
fusion proteins between the mutated ligand binding domain
(LBD) of a steroid receptor and Cre recombinase. The fusion
transcript is driven by a tissue-specific promoter.

Cre fusion proteins with the LBD’s of the human progesterone
receptor (PG) and the human estrogen receptor (ER) have
been generated. Cre activity is induced by administration of
synthetic but not natural ligands and hormone-inducible Cre-
mediated recombination has been demonstrated in vitro in ES
cells (Kellendonk et al. 1996; Zhang et al. 1996) and also in
transgenic mice (Feil et al. 1996; Vasioukhin et al. 1999).
The current limitations of these systems, e.g. the oestrogen-
receptor system, are the high levels of inducer (4-hydroxy-
tamoxifen, OHT) needed to activate the Cre fusion because of
the low-binding affinity of the mutated binding domain.
Recently, Indra et al. (1999) have reported an improved system
that show a 10-fold higher sensitivity to OHT induction.

Outlook

The application of gene targeting technology in murine
embryonic stem cells over the past decade has enabled
researchers to generate taylor-made ‘designer mutant mice’.
The precise genetic alterations of the mouse germ-line range
from subtle mutations, gene replacements, inversions, deletions,
chromosome rearrangements to tissue-specific inducible gene
targeting allowing temporal and spatial control. The tissue-
specific and inducible approaches will be further improved and
in the near future it will be possible to reversibly switch on and
off any gene in any tissue at any chosen point in time.
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So far, gene targeting technology has been restricted to mice
as germ-line competent ES cells have been established for this
species only. ES cells that morphologically resemble murine
ES cells have been isolated from the golden hamster
(Doetschman et al. 1988), pig (Wheeler et al. 1994), sheep
(Notiarianni et al. 1991), cow (Evans et al. 1990), primates
(Thomson & Marshall, 1998) and humans (Thomson et al.

1998). Some of these cell lines were capable of producing
chimeric animals but failed to colonize the germ-line.

The recently developed nuclear transfer technology, the
generation of genetically identical animals (clones) via the
transfer of nuclei from cultured, differentiated cells into
enucleated, unfertilized eggs, will probably circumvent the
problem of isolating stable ES cell lines from other species
(Wilmut et al. 1997; Schnieke et al. 1997; Cibelli et al. 1998;
Baguisi, 1999). The application of gene targeting approaches
in somatic cells followed by nuclear transfer will enable the
application of genetic engineering to any species as it is now
performed in the mouse (Suraokar & Bradley, 2000; McGreath
et al. 2000). Furthermore, nuclear transfer technology will
lead to improved commercial livestock, e.g. prion protein-
deficient cattle and sheep in order to overcome the problems
associated with bovine spongiforme encephalitis (BSE) and
scrapie. Also, this methodology will be applied for human
therapeutic cloning: embryonic stem cells from patients will
be derived by nuclear transfer techniques. These ES cells may
then be differentiated in vitro in order to derive genetically
matched cells and tissues for transplantation (Lanza et al.

1999).

In the future, the limitation will not be the tools for genome
manipulation in every species but the time and expense
associated with generating and maintaining large numbers of
mutant animals, as well as ethical considerations. Therefore, it
will become much more important to thoroughly plan the
strategy for genome engineering and to optimize methods for
phenotypic analysis that do not require maintaining large
numbers of mutant animals.
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