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Gene targeting is a very powerful tool for studying mammalian development and physiology and for creating
models of human diseases. In many instances, however, it is desirable to study different modifications of a
target gene, but this is limited by the generally low frequency of homologous recombination in mammalian
cells. We have developed a novel gene-targeting strategy in mouse embryonic stem cells that is based on the
induction of endogenous gap repair processes at a defined location within the genome by induction of a
double-strand break (DSB) in the gene to be mutated. This strategy was used to knock in an NH,-ezrin mutant
in the villin gene, which encodes an actin-binding protein expressed in the brush border of the intestine and
the kidney. To induce the DSB, an I-Scel yeast meganuclease restriction site was first introduced by gene
targeting to the villin gene, followed by transient expression of I-Scel. The repair of the ensuing DSB was
achieved with high efficiency (6 x 10~°) by a repair shuttle vector sharing only a 2.8-kb region of homology with
the villin gene and no negative selection marker. Compared to conventional gene-targeting experiments at the
villin locus, this represents a 100-fold stimulation of gene-targeting frequency, notwithstanding a much lower
length of homology. This strategy will be very helpful in facilitating the targeted introduction of several types

of mutations within a gene of interest.

The ability to introduce specific alterations of endogenous
genes into the germ line of mice via targeted mutagenesis in
embryonic stem (ES) cells has represented a major break-
through in mouse genetics. Gene inactivation has been widely
used to examine the effects of loss of function in various bio-
logical processes such as development, cellular biology, and
physiology. This has already permitted the accumulation of
new insights into gene function and also the creation of mouse
models of human genetic diseases. Introduction of subtle mu-
tations at specific locations of the mammalian genome is also
useful to refine genetic analysis and to produce models of
genetic diseases which do not necessarily result from null mu-
tations. Several strategies have been developed, each aimed at
generating subtle mutations in a given gene (6). One common
limitation to all current gene-targeting procedures is the low
frequency of correct targeting. This becomes a serious problem
especially with use of two successive rounds of targeting, a
method common to several strategies used for the generation
of mutated genes devoid of foreign selection sequences. There-
fore, attempts have been made to increase the efficiency of
gene targeting by several means, such as increasing the size of
the region of homologies with the target locus, using isogenic
genomic DNA, or improving the selection procedures (6).

In this report, we present an alternative approach to over-
come these limitations which relies on the observation that
double-strand ends of broken chromosomes are highly recom-
binogenic (reviewed in reference 5). Double-strand breaks
(DSB) are frequently associated with DNA alteration events in
eukaryotes (4, 31); during meiosis in Saccharomyces cerevisiae,
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for example, transient DSB are induced at a number of posi-
tions known to be hot spots for recombination (23). It has
recently been shown that a unique DSB can specifically be
induced in the yeast (12), plant (24), and mammalian (8, 22, 26,
28) genomes by using the yeast I-Scel meganuclease. The I-
Scel protein is an endonuclease responsible for intron homing
in yeast mitochondria, a process that apparently proceeds by
DSB repair (18); I-Scel endonuclease can induce recombina-
tion in yeast nuclei (12). In mammalian cells, the yeast
meganuclease I-Scel has been shown to efficiently induce a
DSB in a chromosomal target containing an I-Scel recognition
sequence. This allows DNA break repair with high frequency
by recombination with a donor molecule homologous to the
regions flanking the break (7, 8, 22, 25, 26, 28).

We reasoned that the introduction of a DSB in an endoge-
nous gene could increase targeting frequency at this natural
locus through stimulation of the cellular recombination ma-
chinery. The gene encoding villin, a major component of the
actin cytoskeleton of intestine and kidney cells (13), was cho-
sen to develop this gene targeting strategy. We found that
induction of a DSB in the target gene by using the meganucle-
ase I-Scel resulted in greatly enhanced homologous replace-
ment by the incoming DNA, even when the length of genomic
DNA homology is reduced.

MATERIALS AND METHODS

Constructs and electroporation of ES cells. The targeting construct was made
as follows. An I-Scel restriction site was introduced in a unique X#oI site flanking
the 5" end of the neomycin resistance (neo) gene (pMClneo; Stratagene), using
an oligodimer (sense oligonucleotide, TCGAGTAGGGATAACAGGGTAAT;
antisense oligonucleotide, TCGAGATTACCCTGTTATCCCTA). We derived
from the PGK-hygromycin resistance (Hygro®) gene (32) two nonfunctional
Hygro* cassettes, hygro A-B and hygro B-C. These two cassettes shared an 800-bp
region of homology (region B), between the AatIl and Sacll restriction sites.
Homologous recombination of the two genes will lead to a functional Hygro"
gene (hygro A-B-C). When electroporated into ES cells, neither of the hygro A-B
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and hygro B-C cassettes was able to confer hygromycin resistance. The hygro B-C
fragment is 1.5 kb long, starting at the Sacll restriction site of the PGK-Hygro"
gene and including part of the coding sequence, the stop codon, and the simian
virus 40 poly(A) region. This fragment was ligated 3’ to the I-Scel/neo cassette.
This 1-Scel/neo hygro B-C cassette was then introduced in a unique Kpnl site
present in a 9.6-kb Bg/II-BamHI fragment isolated from a NDASHII phage
containing 16 kb of the mouse villin gene (kindly furnished by G. Tremp, Rhone
Poulenc Rorer) and subcloned in pBS/KS+ (Stratagene). Insertion of the I-Scel/
neo hygro B-C cassette disrupted the second exon of the villin gene. A 2-kb
thymidine kinase (TK) cassette (33) was subcloned in the unique Clal site
flanking the 5’ end of the construct. The resulting pvillin 1-Scel/neo hygro B-C
targeting construct contains 6.1 kb of 5" and 3.5 kb of 3’ villin genomic sequence
flanking a 2.5-kb I-Scel/neo hygro B-C cassette.

The replacement construct was made as follows. A 5" 2-kb BamHI-Ncol villin
gene fragment (located upstream of the initiation codon) was subcloned up-
stream of the 1-kb NH,-terminal domain of human ezrin cDNA fused to nucle-
otides encoding the 11-amino-acid carboxy terminus of the vesicular stomatitis
virus glycoprotein G (1). The 1.5-kb-long hygro A-B fragment includes the PGK
promoter and part of the Hygro® gene coding sequence ending at the Aarll
restriction site of the PGK-Hygro" gene. This hygro A-B cassette was subcloned
downstream of the 3-kb villin-NH,-ezrin fragment, resulting in the pvillin NH >
ezrin hygro A-B replacement construct. A total of 2 X 107 CK35 ES cells (9) were
electroporated with 20 pg of the NotI-linearized targeting construct. G418 (300
wg/ml) and gancyclovir (2 pM) were added 36 h after plating for 8 days. Cell
culture was performed in Dulbecco modified Eagle medium (Gibco-BRL) sup-
plemented with 1 mM sodium pyruvate, 5% fetal calf serum (Seromed, Berlin,
Germany), 1,000 U/ml LIF (ESGRO; Gibco-BRL) per ml, and 50 mM B-mer-
captoethanol (Gibco-BRL) as described previously (9). The G418-resistant, gan-
cyclovir-resistant (Gang") clones were isolated, and their genotypes were ana-
lyzed by Southern blotting. The I-Scel-targeted ES clone (ES 3.1) was chosen for
further experiments.

The supercoiled pl-Scel expression plasmid (allowing expression of the yeast
endonuclease I-Scel under the control of the cytomegalovirus promoter [7]) and
the supercoiled pvillin NHy-ezrin hygro A-B replacement construct (20 pg of
each) were coelectroporated into the 2 X 107 ES 3.1 cells obtained in the first
targeting step. Hygromycin (150 pg/ml) was added 36 h after plating. Hygro™ ES
clones were isolated after 10 to 12 days.

Southern blot analysis. Genomic DNAs of ES clones obtained after selection
with G418 and gancyclovir in the first targeting step were digested with the Scal
endonuclease. Correct gene targeting was analyzed with a 3’ external probe
(0.4-kb BamHI-Hincll) (data not shown). After amplification, the I-Scel-tar-
geted ES 3.1 clone was further analyzed after Bg/II digestion using a 5’ internal
probe (0.5-kb Bg/II-Stul). When required, DNA was digested with the commer-
cially available I-Scel restriction enzyme (Boehringer, Mannheim, Germany).
Hygro" ES clones obtained in the second targeting step were characterized by
Southern blotting after digestion of the genomic DNAs with the Bg/II endonu-
clease. A 5’ external probe (0.5-kb Bg/II-Stul) and an internal probe (2 kb;
Hygro" gene) were used to analyze the 5 and 3’ homologous recombination
events, respectively.

RESULTS

The use of DSB to enhance homologous recombination at a
given locus is based on the two-step strategy depicted in Fig. 1.
To test this experimental design, we chose to introduce an
ezrin cDNA into the villin gene, a natural locus. In the first
step, an I-Scel restriction site was introduced into the villin
locus, using the pvillin 1-Scel/neo hygro B-C targeting vector.
I-Scel is a yeast rare-cutter endonuclease (18) that has been
shown to initiate DSB in the mammalian genome, naturally
devoid of endogenous I-Scel target sequences. In the second
step, a unique DSB was induced at the villin locus and the
effect of DSB on homologous integration of a pvillin NH,-ezrin
hygro A-B replacement vector in the targeted ES cells was
assessed (Fig. 1). To facilitate recovery of the targeted clones,
we combined to this scheme the plug-and-socket strategy de-
veloped by Detloff et al. (11), which is based on the restoration
by homologous recombination of a functional Hygro" gene.

Introduction of the I-Scel recognition site into the endoge-
nous villin locus. We prepared a targeting vector, pvillin I-Scel/
neo hygro B-C (Fig. 2A), containing one I-Scel restriction site,
a G418" cassette, and a 1.5-kb partial, nonfunctional Hygro"
cassette (hygroB-C) flanked with 6.1 and 3.5 kb of villin iso-
genic genomic DNA at the 5’ and 3’ ends, respectively. A
negative selection step was possible due to the addition of a TK
counterselection cassette at the 5’ end of the construct. The
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FIG. 1. Strategy for the induction of gene replacement upon DSB repair in a
natural locus. First step, gene targeting of the I-Scel restriction site in a natural
locus by homologous recombination. Second step, cotransfection of expression
plasmid pI-Scel and of the replacement construct. Expression of the meganucle-
ase I-Scel leads to cleavage of the targeted gene at the I-Scel site. The ensuing
DSB is repaired by gene exchange with the replacement construct. This allows
the introduction in the locus of any sequence of interest (reporter gene, mutated
allele, etc.). Selection of the recombined ES cells by hygromycin was possible due
to the restoration of a functional Hygro® gene (hygro A-B-C).

linearized vector was electroporated into 2 X 107 CK35 ES
cells, and the cells were cultured in the presence of G418 and
gancyclovir. Of 60 G418 Ganc' clones recovered, one ES clone
(ES 3.1) was correctly targeted with the pI-Scel/neo hygro B-C
targeting construct, as demonstrated by Southern blot analysis.
This clone displays a modified allele with the I-Scel/neo hygro
B-C gene sequences in exon 2 of the villin gene (Fig. 2B). This
analysis also showed that the meganuclease I-Scel is able to
specifically cleave the targeted allele in vitro (Fig. 2B, lane 4).

I-Scel-induced recombination at the villin locus. The ES 3.1
clone was then used in the second step. ES cells were electro-
porated with 20 wg of supercoiled plasmid pvillin NH,-ezrin
hygro A-B with or without the I-Scel expression plasmid (pI-
Scel). Transient expression of I-Scel induces a unique DSB by
in vivo digestion at the target locus. The replacement construct
is composed of a 1.0-kb 5" ezrin mutant cDNA flanked 5" with
a 2-kb region of the murine villin promoter and 3’ with the
1.5-kb hygro A-B cassette.

No Hygro" ES clones were recovered when plasmid pvillin
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FIG. 2. Introduction of the I-Scel restriction site in the villin locus by gene
targeting. (A) Diagram of the mouse villin locus (wild-type [wt] allele), the
targeting construct, and the I-Scel-targeted allele (I-Scel allele). From top to
bottom, the dark rectangles represent the two first exons of the villin gene, and
the black bar represents the probe A (0.5-kb Bg/II-Stul, 5’ probe) used for
hybridization. Bg/IT (B) and I-Scel restriction sites are indicated. (B) Southern
blot analysis of wild-type (wt) and targeted ES (clone 3.1) cells. Genomic DNAs
of ES cells were digested with (lanes 2 and 4) or without (lanes 1 and 3)
meganuclease I-Scel followed by Bg/II and then hybridized with probe A. The
9.0-kb band represents the targeted allele and is further cleaved into a 6.5-kb
band when digested with I-Scel. Numbers on the right indicate sizes of the bands
in kilobases.

NH,-ezrin hygro A-B alone was electroporated (Table 1, exper-
iments 1 and 2). This finding suggests that under the conditions
used, homologous recombination between the modified villin
locus and the incoming replacement construct was not
achieved. In contrast, when plasmid pI-Scel was electroporated
together with the replacement construct, 105 and 139 clones,
respectively, survived to the hygromycin selection step in two
independent experiments (Table 1, experiments 3 and 4).
Hygro" clones should result from the recombination between
the modified villin allele of the 3.1 clone and the replacement
construct, since either hygro A-B or hygro B-C alone is not able
to confer hygromycin resistance to ES cells (data not shown).
To analyze the molecular nature of the recombination event,
we performed Southern blot analysis of 24 Hygro" clones from

TABLE 1. Targeting frequency data

No. of No. of
Plasmid Expt? Hygro* tlargeted
clones clones/no.
analyzed
p-villin NH, ezrin 1 0
2 0
p-villin NH, ezrin + pl-Scel 3 105 15/15
4 139 9/9

“1In all experiments, 2 X 107 cells were electroporated.
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FIG. 3. Gene replacement of the I-Scel-targeted villin locus after I-Scel
expression. (A) Diagram of the I-Scel-targeted allele (I-Scel allele), the replace-
ment construct, and the villin-NH,-ezrin recombinant locus (targeted allele).
BglII (B) and I-Scel restriction sites are indicated. The black bar represents the
probe A (0.5-kb BglII-Stul, 5" external probe) used for hybridization. (B) South-
ern blot analysis of genomic DNAs of ES wild-type (wt), 3.1, and Hygro" clones.
DNA was digested with Bg/II and probed with probe A. The 9.0-kb band rep-
resents the I-Scel-targeted allele that resulted in a 6.0-kb band after I-Scel
expression and homologous integration of the replacement construct. Sizes are
indicated in kilobases.

experiments 3 and 4. Hybridization of Bg/II-digested genomic
DNA with a 5" external probe reveals that all Hygro"™ clones
have lost the 9-kb band characteristic of the I-Scel allele, while
they exhibit a 6-kb band diagnostic of a correct 5’ homologous
recombination event between the replacement construct and
the I-Scel allele (Fig. 3). Accuracy of the 3’ homologous re-
combination event was confirmed by using a Hygro® gene
probe (data not shown). Thus, 100% of the analyzed clones
have been correctly targeted, a result that strongly suggests
that all of the Hygro" clones contained the same allelic modi-
fication. The homologous recombination frequency could
therefore be estimated at 6 X 10~¢ (Table 1).

DISCUSSION

Rare-cutting endonucleases provide a powerful tool for ge-
nome manipulation. Several studies have shown that expres-
sion of such endonucleases in mammalian cells stimulated ho-
mologous recombination between a transfected repair matrix
and a randomly integrated DNA construct containing an I-Scel
recognition site (7, 8, 22, 25, 26, 28). Here, the I-Scel recog-
nition site was introduced into a natural locus by gene target-
ing, and we analyzed whether induction of a DSB in a natural
locus affected the gene-targeting frequency. The strategy that
we have developed is applicable when several rounds of gene
targeting at a specific locus are needed. As a first step, we
introduced an I-Scel recognition site at the villin locus by a
standard gene-targeting procedure. Subsequently, we showed
that highly efficient gene targeting could be obtained upon
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coelectroporation of the modified ES cells with an I-Scel-
expressing vector and a villin replacement vector in a circular
form. Thus, ES cells with a modified allele having a unique
[-Scel recognition site can be used to efficiently introduce any
desired modification at the locus. When needed, repetition of
the second step with different replacement constructs would
allow rapid and efficient recovery of the corresponding recom-
binant ES cells.

Our data indicate that introduction of a site-specific DSB in
a natural locus allows gene targeting with high frequency. In-
deed, we observed a gene-targeting frequency of 6 X 107°
when a DSB was induced in the target locus, whereas no
homologous recombination event could be observed when pl-
Scel was omitted. The frequency for a conventional gene-
targeting experiment is highly dependent on several parame-
ters, including the nature of the locus and the size of homology
between the targeting construct and the endogenous locus (10,
16). In several independent conventional gene-targeting exper-
iments at the villin locus, we obtained a frequency of 5 X 1078,
using replacement constructs sharing 8 to 10 kb of homology
with the endogenous locus (step 1 of this study and reference
24a). Strikingly, in the second step, which includes a DSB and
involves the same genomic region, the targeting frequency was
at least 100 times higher, notwithstanding a much lower length
of homology (2.8 kb between the targeting construct and the
modified villin locus). This high efficiency might rely on the
DSB repair mechanism used for the integration of foreign
DNA in the target locus, which requires less homology be-
tween the replacement construct and the target locus than
classical gene-targeting procedures (3, 20, 21). Furthermore,
the homologous recombination frequency that we have ob-
served is probably underestimated because not every cell re-
ceived both constructs. Moreover, the quantity of replacement
construct that we have electroporated may be limiting. Thus,
even higher efficiency might be obtained by including the cy-
tomegalovirus—I-Scel cassette into the replacement vector and
transfecting ES cells with a higher quantity of the replacement
construct.

Previous studies of I-Scel-induced gene replacement into
randomly integrated transgenes has disclosed a high rate of
one-sided homologous recombination events in mammalian
cells. This could account for 45 and 21% of drug-resistant
clones in NIH 3T3 and ES cells, respectively (25, 28). One-
sided homologous recombination events were not observed in
the 24 Hygro" clones analyzed here, which suggests that it is a
relatively rare event at the endogenous villin locus under the
conditions used. Whether this observation is specific to the
villin locus and/or the targeting construct or rather depends on
the route of introduction of the recombination constructs
(electroporation versus calcium phosphate transfection) awaits
further analysis.

To alleviate the screening of recombined clones during the
second step, we used a strategy similar to the plug-and-socket
strategy previously described by Detloff et al. (11). They re-
ported that using linearized constructs, insertion (O-type) tar-
geting events occurred in their experiment, noticeably reducing
the proportion of desired replacement recombinational ({-
type) events among the drug-resistant clones. Our strategy,
based on DSB repair using a circular matrix, appears to be very
efficient, as all Hygro" ES clones elicited the expected replace-
ment targeting event. The differences between the results of
these two experiments might be due to the design of the tar-
geting constructs or to differences between the recombina-
tional processes involved. More experiments will be needed to
resolve this issue.

Introduction of I-Scel in mammalian cells is apparently non-
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FIG. 4. Various applications of I-Scel-induced gene-targeting strategy. (A)
Depending on the design of the replacement construct, the same I-Scel-targeted
allele can be modified in different ways. Use of different replacement constructs
allows the introduction of any sequence of interest in the locus or any deletion
of genomic sequences (production of truncated protein, targeted deletion of
cis-acting regulatory sequences, domain swapping, etc.). Two examples showing
different deletions of variable length together with knock-in of a given sequence
are illustrated. (B) Because of the mechanisms operating during the second step
(i.e., DSB gap repair), any modification (point mutation, small deletion, etc.)
present in the replacement vector would be introduced with high efficiency in the
locus. This is an advantage compared to other gene-targeting strategies where a
DNA mismatch repair mechanism, for example, may limit the cointroduction of
other modifications (30).

toxic. Due to the size of the mammalian genome, the proba-
bility that an endogenous 18-bp I-Scel restriction site exists in
the genome of ES cells is very low. Moreover, even if I-Scel
induces a DSB elsewhere in the genome, it would probably be
repaired by interchromosomal gene conversion (12). After
transient expression of I-Scel, no obvious effects were observed
in ES cells; in particular, pI-Scel-transfected ES cells formed
apparently normal embryoid bodies after in vitro differentia-
tion (data not shown).

In contrast to other gene-targeting procedures (2, 14, 17,
29), the modified target locus is altered such that the endoge-
nous repair machinery can be stimulated. This helps to over-
come the major limitation of the gene targeting procedure, i.e.,
the low frequency of adequate gene targeting, especially when
various mutations of the same locus are needed. Moreover, as
short regions of homology are sufficient, replacement con-
structs may be smaller than previously required and therefore
easier to handle. This gene-targeting procedure is very versa-
tile, allowing the knock-in of any sequence of interest in a locus
and/or creation of various deletions (Fig. 4A). In addition, it
has been suggested from studies in yeast (15) and mammalian
(28) cells that chromosomal DSB is preferentially repaired in
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regard to the unbroken matrix. This implies that any modifi-
cation present in the replacement vector (unbroken) will be
copied into the target locus (harboring the DSB). Therefore,
this approach offers an efficient way to introduce subtle muta-
tions at desired locations in the genome (Fig. 4B). Combina-
tion of the DSB-mediated gene-targeting procedure with site-
specific recombinase-based strategies (19, 27) should increase
the range of genetic manipulation of the mammalian genome.

In conclusion, we have constructed an ES cell line carrying
the recognition site of the meganuclease I-Scel in a natural
locus, the villin gene. Our data suggest that the yeast endonu-
clease I-Scel can specifically induce gene-targeting and homol-
ogous recombination events with high frequency, allowing spe-
cific and highly efficient gene replacement in ES cells. The use
of I-Scel in gene-targeting experiments will greatly enhance the
possibility of obtaining mutations needed for a comprehensive
analysis of gene function.
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