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ABSTRACT

The Cre/loxP recombination system is a commonly
used tool to alter the mouse genome in a con-
ditional manner by deletion or inversion of loxP-
flanked DNA segments. While Cre-mediated deletion
is essentially unidirectional, inversion is reversible
and therefore does not allow the stable alteration of
gene function in cells that constitutively express
Cre. Site-directed mutagenesis yielded a pair of
asymmetric /oxP sites (lox66 and lox71) that display
a favorable forward reaction equilibrium. Here, we
demonstrate that /ox66/lox71 mediates efficient and
predominantly unidirectional inversion of a switch
substrate targeted to the mouse genome in com-
bination with either inducible or cell type-specific
cre-transgenes in vivo.

INTRODUCTION

Conditional mutagenesis has become a potent tool to analyze
gene function in vivo. Site-specific recombinases such as
bacteriophage P1-derived Cre are used extensively to modify
the mammalian genome in a cell type- and/or time-specific
manner (reviewed in 1,2). Cre is a 38 kDa protein that
recognizes a 34 bp DNA target termed /oxP (locus of X-over
of P1), which consists of two 13 bp inverted repeats that serve
as Cre monomer binding sites and an 8 bp spacer region. The
spacer region is non-palindromic and provides the loxP site
with an orientation; recombination can occur between two
loxP sites of either identical or opposing orientation. The
former results in excision of the intervening DNA, the latter in
its inversion. Excision is accompanied by the deletion of one
loxP site from the genome and is therefore essentially
unidirectional. Inversion, on the other hand, yields two loxP
sites that are indistinguishable from the original loxP pair due
to the conservative nature of the recombination event (3), and
recombination continues as long as Cre is present.
Site-directed mutagenesis of loxP sites has led to the
discovery of mutant loxP pairs that display a favorable
forward reaction equilibrium and might thus allow uni-
directional Cre-mediated gene inversion (4). One such loxP
pair consists of two asymmetric, mutant loxP sites that carry a

5 bp mutation in the distal end of either the left (lox66) or the
right (lox71) inverted repeat. Cre-mediated recombination of a
lox66/lox71 pair yields one loxP site with two mutated
inverted repeats (lox72) and one wild-type (WT) loxP site
(Fig. 1A). While lox66 and lox71 mediated recombination
with an efficiency comparable to WT loxP sites in vivo in
plants, recombination between lox72 and WT loxP was up to
8-fold reduced (4). More recently, two reports showed the
successful application of lox66/lox71-mediated recombination
in mouse embryonic stem (ES) cells (5,6). Although inversion
appeared irreversible in ES cell colonies (6), a characterization
of lox66/lox71-mediated recombination in cre-transgenic
mouse strains in vivo is still missing.

In the present study, we assessed whether a lox66/lox71-
mediated genetic switch can be used to irreversibly alter the
coding sequence of the B cell antigen receptor (BCR) variable
domain in mature B cells in vitro. In addition, we analyzed the
frequency of lox66/lox71-mediated forward and lox72/WT
loxP-mediated reverse recombination in combination with two
distinct cre transgenes in vivo.

MATERIALS AND METHODS

Generation of mice carrying a lox66/lox71-flanked VDJ
switch cassette in the IgH locus

A targeting vector was designed to insert a lox66/lox71-
flanked VDJ switch cassette (VNP and VPE in opposing
orientations) into the mouse IgH locus. The VPE gene
segment was PCR-amplified from hybridoma 80A3 (7) and
linked to a 0.5 kb EcoRV-Sall fragment containing the Vy
promotor of the Vy3-83 gene (8). A 2.1 kb BamHI-Xhol
fragment containing the VNP gene segment and its Vy
promotor (9) and an inverted lox71 site 3’ of the VNP segment
was ligated to the Vy3-83-promotor-VPE fragment with the
promotors facing away from each other. This cassette was
subsequently fused to the 3" end of a lox66-flanked TK-neoR
gene (10) with the downstream /ox66 site facing the inverted
VPE segment. An 11 kb Xhol fragment containing 9 kb of
genomic sequence upstream of DQS52 and the HSV-tk gene
(11) served as the long arm of homology and a 0.8 kb EcoRI
fragment containing part of the Jy-C, intron (8) was used as
the short arm of homology. The Notl-linearized targeting
construct was transfected into IB10 ES cells (12) as described

*To whom correspondance should be addressed. Tel: +1 617 278 3067; Fax: +1 617 278 3129; Email: rajewsky @cbr.med.harvard.edu



el40 Nucleic Acids Research, 2003, Vol. 31, No. 22

(13). G418 and Gancyclovir double-resistant ES cell colonies
were screened for homologous recombination by Southern
blotting using internal probe B and external probe RH (8). To
delete the lox66-flanked neo® gene, correctly targeted clones
were transfected with the circular Cre-encoding plasmid pIC-
Cre (14) and G418-sensitive clones were analyzed for neo®
deletion by Southern blot analysis. Two independent ES cell
clones that carry the lox66/lox71-flanked VDJ switch cassette
without the neoR gene were injected into CB.20 blastocysts.
Resulting chimeric male mice were bred to CB.20 females for
germline transmission.

Protein transduction of splenic B cells with
TAT-NLS-Cre

Single cell suspensions of splenocytes were purified by MACS
depletion using anti-CD43 beads as described by the manu-
facturer (Miltenyi, Bergisch Gladbach, Germany). The purity
of B220* cells was >99%. TAT-NLS-Cre transduction was
essentially done as described (15). In brief, B cells were
washed twice in serum-free medium (Hyclone, Logan, UT)
and incubated at 5 X 10 cells/ml with the indicated dose of
TAT-NLS-Cre in serum-free medium for 1 h at 37°C. Cells
were then washed twice in complete medium (15) and cultured
at a density of 2 X 10° cells/ml at 37°C and 10% CO, for
5 days.

Induction of Mx-Cre transgene expression in vivo

VPEinv-VNP/+ Mx-cre mice or VNPinv-VPE/+ Mx-cre mice
were given three doses of 400 pg poly(I)-poly(C) (Amersham
Biosciences Corp., Piscataway, NJ) i.p. on days 0, 3 and 6 and
analyzed either 3 days or 6-8 weeks thereafter.

Southern blot analysis of VPEinv-VNP inversion

Genomic DNA from 10° sorted cells or ~10 pug of genomic
DNA from indicated tissues was subjected to Southern blot
analysis. To detect VPEinv-VNP inversion, DNA was
digested with BamHI and hybridized to probe B (8), resulting
in a 24 kb IgH germline fragment, a 5.3 kb fragment
indicative of the VPEinv-VNP allele and a 2.1 kb fragment
representing the inverted VNPinv-VPE allele. The signal
intensities of each sample were quantified using a Storm 860
Molecular Dynamics scanner and ImageQuant software
(Amersham Biosciences, Piscataway, NJ). The fraction of
cells that had undergone lox66/lox7[-mediated recombination
was calculated as the ratio of VNPinv-VPE-intensity over the
sum of VNPinv-VPE- and VPEinv-VNP-intensities or as the
ratio of VNPinv-VPE-intensity over IgH GL intensity. The
latter is, however, not applicable for B cells, since the IgH GL
signal is lost upon IgH rearrangement. In all other tissues, both
assays yielded comparable results. Based on the real time
PCR results depicted in Figure 3C, the detection limit of
recombination by Southern blot analysis was estimated to be
between 5 and 10%.

Real time PCR analysis to quantify lox72/WT
loxP-mediated reverse recombination

Genomic DNA from liver and thymus of VPEinv-VNP/+ mice
or VNPinv-VPE/+ Mx-cre mice that were injected three times
with poly(I)-poly(C) and killed 8 weeks thereafter, was
subjected to quantitative PCR analysis using the iCycler iQ
Real-Time PCR Detection System (Bio-Rad Laboratories,
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Hercules, CA). The VPEinv-VNP allele was amplified using
the 5’-primer LAH-53 (GGA CCT CCATCT GCT CTT ATT T)
located in the long arm of homology and the 3’-primer CDR3-
PE (GGT CTA TTA CTG TGC AAG TTG G) located in the
complementarity-determining region (CDR) 3 of VPE. TNFR-1
was amplified as described (16) to normalize the individual
DNA samples. PCR was performed using SYBR Green PCR
core reagents (Applied Biosystems, Foster City, CA) as
described by the manufacturer. Two serial 1:5 dilutions were
included for each sample and served to determine mean and
standard deviation.

Flow cytometry and cell sorting

Single cell suspensions from bone marrow, spleen and thymus
were stained with monoclonal antibodies (mAbs) conjugated
to fluorescein isothyocyanate (FITC), phycoerythrin (PE) or
allophycocyanin (APC). The following mAbs were used: anti-
CD4 (GK1.5-4), anti-CD5 (53-7.3), anti-CD8 (53-6.7),
anti-CD19 (1D3), FcBlock (2.4G2) (from BD PharMingen,
San Diego, CA); anti-IgM (1B4B1) (from eBioscience, San
Diego, CA); anti-NP (S43) (generated in our laboratory).
Staining for NP was performed in two steps: cells were
incubated with NP4-BSA (0.2 ng/ml), washed once with
phosphate-buffered saline, 0.5% bovine serum albumin and
subsequently stained with S43-APC. Stained cells were
acquired on a FACSCalibur and data were analyzed with
CellQuest software. Cell sorting was performed on a FACS
Vantage (all Becton Dickinson, San Jose, CA). All analyses
were restricted to live cells within the lymphocyte gate.

RESULTS

By choosing a genetic switch system that allows the inducible
change of the BCR antigen specificity we were able to monitor
Cre-mediated recombination both on the genomic level by
Southern blot analysis and on the protein level using flow
cytometry (FACS). The BCR consists of two identical
immunoglobulin heavy (IgH) chains, two identical Ig light
(IgL) chains and the signal transducing Igo/Igf heterodimer.
The paired variable domains of IgH and IgL chains (termed
VDJ and V], respectively) form the antigen binding sites of the
BCR (reviewed in 17) and a change in either the VDJ or the V]
domain generally results in a change of antigen specificity. We
therefore engineered a lox66/lox71-flanked VDI switch
cassette’, which consists of the two distinct VDJ gene
segments VNP and VPE (7) in opposing transcriptional
orientations, and inserted it into the mouse IgH locus by
homologous recombination in ES cells. Depending on Cre-
mediated recombination, B cells will express either the VNP
or the VPE heavy chain. In combination with a A1 light chain,
the two heavy chains can be distinguished by surface staining:
VNP/IgAl recognizes 4-hydroxy-3-nitrophenylacetyl (NP)-
haptenated carrier proteins while VPE/IgAl binds PE. This
allows the detection of lox66/lox71-mediated recombination
in single A1+ B cells (~6% of all splenic B cells).

The targeting strategy for insertion of the VDI switch
cassette is depicted in Figure 1B. The VDIJ switch allele is
referred to as VPEinv-VNP before and VNPinv-VPE after
inversion. In order to obtain a second mouse strain that carries
the VNPinv-VPE allele in the germline, VPEinv-VNP/+
mouse mutants were crossed to deleter mice (18), which
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Figure 1. Strategy to switch the IgH variable region exon employing lox66/lox71. (a) Schematic representing the Cre-mediated recombination of lox66 and
lox71 resulting in lox72 and loxP. Inverted repeats are shown in grey, black boxes symbolize 5 bp mutations, the open box depicts the spacer region and the
triangle represents its orientation. The difference in arrow sizes reflects the unbalanced equilibrium between the forward and reverse reactions. (b) Targeted
integration of a VDJ switch cassette into the IgH locus. BamHI (B) restriction endonuclease map of the IgH germline Jy region (IgH GL), the targeted VDI
switch cassette before neoR deletion (VPEinv-VNP-neoR) and before (VPEinv-VNP) and after (VNPinv-VPE) Cre-mediated inversion. Boxes depict D and J
exons and the promotor-VDJ exons VPE and VNP as indicated, arrows symbolize the transcriptional orientation of VNP and VPE. The oval represents the Eu
enhancer and triangles depict (mutant) loxP sites. Double-headed arrows indicate BamHI fragments detected with probe B; fragment sizes are indicated.
(¢) Southern blot analysis of IB10 wild-type ES cells and the same targeted ES cell clone before (VPEinv-VNP-neoR) and after neo® deletion (VPEinv-VNP).

Genomic DNA was digested with BamHI and hybridized to probe B.

express Cre during early emryogenesis. Two out of six mice
that carried the deleter allele also carried the VNPinv-VPE
allele.

We first determined the efficiency of lox66/lox71-mediated
recombination at different Cre concentrations in ex vivo
isolated splenic B cells from VPEinv-VNP/+ mice. B cells that
carry a WT JoxP-flanked VNP gene segment (termed B1-8f)
(19) in the same genomic position served as a control. In the
B1-8f allele, the loxP sites are in identical orientation and the
VNP segment is deleted in the presence of Cre resulting in the
ablation of surface IgM. To prevent cell death of primary
B cells in culture, we used B cells transgenic for a cDNA
encoding the anti-apoptotic Bcl-2 protein (bcl-2tg) (20).
Splenic B cells were incubated for 1 h with TAT-NLS-Cre
at different concentrations. TAT-NLS-Cre is a fusion protein
of a basic 11 amino acid peptide derived from HIV-TAT, a
nuclear localization signal (NLS) and Cre (15). The hydro-
phobic TAT peptide has been reported to facilitate cellular
uptake of recombinant proteins in vitro and in vivo (21,22).
TAT-NLS-Cre-mediated inversion was analyzed 5 days after
Cre transduction by surface staining for NP and PE (Fig. 2A)
and by Southern blotting (Fig. 2D). Both assays yielded
comparable inversion frequencies. To determine the efficiency
of WT loxP-mediated deletion, we analyzed B1-8f/+ B cells
for loss of surface IgM expression upon TAT-NLS-Cre
transduction (Fig. 2B). The comparison of WT and mutant

loxP sites shows a clear difference in recombination
frequencies (Fig. 2C). While low doses of TAT-NLS-Cre
(=50 pg/ml) induce recombination in up to ~25% of all B cells
carrying WT loxP sites, no recombination is observed with
lox66/lox71. To obtain recombination frequencies similar to
those of WT loxP sites, mutant loxP sites have to be exposed
to ~3-fold higher concentrations of TAT-NLS-Cre. To address
whether reverse recombination affects the overall recombina-
tion frequency in our system, we incubated B cells that carry
the pre-inverted VNPinv-VPE allele with 200 pg/ml TAT-
NLS-Cre (highest concentration used in the dose-response
assay) and analyzed them 3 days after transduction. No reverse
recombination could be detected by Southern blot analysis
(Fig. 2C). Given the limited sensitivity of this approach, we
conclude that <10% of cells have undergone reverse
recombination (see Materials and Methods for details).

We then analyzed the efficiency of lox66/lox71-mediated
recombination in vivo in combination with the inducible Mx-
cre transgene. In Mx-cre mice, Cre expression is under the
control of the Type I interferon (IFN)-inducible Mx1 promotor
(23). Injection of Type I IFN or poly(I)-poly(C), a double-
stranded RNA homolog that induces an endogenous anti-viral
Type I IFN response, leads to efficient Cre expression and
subsequent Cre-mediated recombination (23). As potential
(counter)selection of B cells after Cre-induced change of BCR
specificity might obscure the actual recombination frequency,
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Figure 2. Dose-response characteristics of ex vivo isolated splenic bcl-2tg B cells from VPEinv-VNP/+ or B1-8f/+ mice to TAT-NLS-Cre. (a) FACS analysis
of splenic B cells from VPEinv-VNP/+ bcl-2tg mice to determine lox66/lox71-mediated recombination frequency in vitro. CD43- MACS purified B cells
were incubated with 0 and 100 pg/ml TAT-NLS-Cre and analyzed 5 days thereafter. Cells were analyzed for PE and NP binding and inversion frequency was
calculated as the fraction of PE* cells over the sum of PE* and NP* cells. (b) FACS analysis of splenic B cells from B1-8f/+ bcl-2tg mice to determine WT
loxP-mediated recombination frequency in vitro. Cells were prepared and cultured as described in (a) and analyzed for IgM expression to determine the fre-
quency of B1-8f deletion. (¢) Dose-response curve of lox66/lox7]1 and WT [oxP-mediated recombination to increasing amounts of TAT-NLS-Cre.
Recombination frequencies for VPEinv-VNP inversion (lox66/lox71, hatched line) and B1-8f deletion (WT loxP, solid line) were calculated based on FACS
analyses performed as in (a). For details see text. (d) Southern blot analysis of VPEinv-VNP/+ and VNPinv-VPE/+ bcl-2tg B cells 5 days after TAT-NLS-Cre
transduction. Total B cell DNA was digested with BamHI and hybridized to probe B (see Fig. 1). Fragments representing VPEinv-VNP, VNPinv-VPE and
IgH germline (GL) alleles are indicated. No lox72/WT loxP-mediated reverse recombination (VPEinv-VNP signal) could be detected in B cells from
VNPinv-VPE/+ mice (left panel). In the case of VPEinv-VNP/+ bcl-2tg mice, the percentage of cells that carry the VNPinv-VPE allele as a result of lox66/

lox71-mediated recombination is shown for each lane (right panel). ND, not detected.

we focused our analysis on organs that harbor few or no BCR*
B cells, such as liver, thymus and bone marrow. We tested
lox66/lox71-mediated recombination in adult VPEinv-VNP/+
Mx-cre mice both 3 days and 8 weeks after Cre induction by
poly(I)-poly(C). To compare the recombination efficiencies of
mutant and WT [oxP sites, we also analyzed mice carrying
WT loxP-flanked gene insertions in the same genomic position
(7). Inversion efficiencies in lymphoid organs, liver and tail
were analyzed by Southern blotting. In the liver, ~80% of
VPEinv-VNP/+ Mx-cre cells show [lox66/lox71-mediated
recombination both 3 days and 8 weeks after Cre induction,
while less than 10% of tail tissue showed recombination at
either of the two time points (Fig. 3A). These results closely
resemble deletion efficiencies observed with WT [oxP sites
(7,23; data not shown). Unlike in liver and tail, recombination
frequencies in thymus and bone marrow increased over time
(Fig. 3A). Three days after induction, lox66/lox71-mediated
recombination in thymus and bone marrow was between three
and six times less efficient than WT loxP-mediated deletion in
the same organs (7,23; data not shown). Eight weeks after
induction, however, ~75% of thymocytes and ~90% of bone
marrow cells carried the inverted allele. This indicates
inefficient inversion in B and T lineage cells and bone marrow

macrophages but efficient recombination in hematopoietic
stem cells, which reconstitute bone marrow and thymus within
8 weeks after Cre induction. To determine the extent of lox72/
WT loxP-mediated reverse recombination, we analyzed Mx-
cre mice that carry the pre-inverted VNPinv-VPE allele. We
were unable to detect reverse recombination 8 weeks after
injection of poly(I)-poly(C) by Southern blotting in all tissues
tested (Fig. 3B). Due to the limited sensitivity of this analysis,
we also performed quantitative PCR on thymic and liver DNA
of the same animals using light cycler analysis (Fig. 3C). No
reverse recombination could be detected in the liver of
poly(I)-poly(C)-injected VNPinv-VPE/+ Mx-cre animals,
whereas up to 5% of thymocytes had undergone Cre-mediated
reverse recombination. We conclude that [lox66/lox71-
mediated recombination can be efficiently induced in adult
Mx-cre mice and reverse recombination appears to occur only
in only a minor fraction of hematopoietic stem cells.

To determine lox66/lox71-mediated recombination in mice
that express Cre in a cell type-specific manner, we analyzed
VPEinv-VNP/+ mice that carry the CD4-cre transgene (24).
CD4-cre mice show essentially complete deletion of WT
loxP-flanked gene segments in CD4*/CD8* double-positive
(DP) thymocytes and mature T cells (24,25). Moreover, the
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Figure 3. lox66/lox71-mediated recombination efficiency in Mx-cre mice. (a) Adult VPEinv-VNP/+ Mx-cre mice were injected with poly(I)-poly(C) and ana-
lyzed 3 days or 8 weeks thereafter. Genomic DNA from lymph nodes (LN), thymus (Th), bone marrow (BM), liver (Li) and tail was digested with BamHI and
hybridized to probe B. The percentage of cells that carry the VPEinv-VNP allele in its inverted configuration (VNPinv-VPE) is shown for each lane. These
results are representative of at least two independent experiments. ND, not detected. (b) Adult VNPinv-VPE/+ Mx-cre mice were injected with poly(I)-poly(C)
and analyzed 8 weeks thereafter as described in (a). (¢) Quantitative PCR analysis to detect lox72/WT loxP-mediated reverse recombination in VNPinv-VPE/+
Mx-cre mice. Thymic and liver DNA was PCR amplified with primers detecting either the VPEinv-VNP allele or the TNFR-1 gene to normalize DNA content.
The relative abundance of the VPEinv-VNP PCR product is shown for poly(I)-poly(C)-injected animals and VPEinv-VNP/+ control mice.

VPEinv-VNP allele is not expressed in T cells and thus not
subject to potential (counter)selection upon its inversion. DP
thymocytes and splenic T cells (CD5*/CD19-) from VPEinv-
VNP/+ CD4-cre mice were sorted using flow cytometry and
inversion efficiencies were determined by Southern blotting.
CD19* splenic B cells served as a negative control.
Recombination was observed in 40% of DP thymocytes and
~95% of splenic T cells (Fig. 4). The higher recombination
efficiency in splenic T cells may be due to the fact that, on
average, mature T cells have been exposed to Cre longer than
DP thymocytes, in which CD4-Cre expression is initiated. The
observation that 5% of splenic T cells carry the original
VPEinv-VNP allele could reflect either incomplete inversion
or the occurrence of reverse recombination in maximally 5%
of mature T cells.

DISCUSSION

Cre/loxP-mediated inversion of genomic DNA segments
represents a useful tool to alter the mouse genome in a cell
type- and/or tissue-specific manner. However, its applicability
is hampered by the fact that this reaction is fully reversible.
Here, we report successful application of the mutant loxP pair
lox66/lox71 to mediate efficient and essentially unidirectional
inversion of a VDJ switch cassette both in vitro and in two
different cre-transgenic mouse models in vivo.
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Figure 4. VPEinv-VNP-inversion in 5-week-old VPEinv-VNP/+ CD4-cre
mice. Genomic DNA from FACS-sorted splenic B cells (CD19%), T cells
(CD5%) and sorted CD4*/CD8* thymocytes was digested with BamHI and
hybridized to probe B. Inversion frequencies are indicated for each sample.
ND, not detected.

In an in vitro dose-response analysis we show that the
lox66/lox71 pair has a higher threshold for the initiation of
Cre-mediated recombination than WT loxP sites and requires
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2- to 3-fold higher Cre concentrations to recombine with an
efficiency comparable to WT loxP sites (Fig. 2). We were
unable to detect reverse recombination in vitro by Southern
blotting. Given that the forward reaction occurred in less than
40% of cells at the maximal dose of TAT-NLS-Cre and is
known to be considerably more efficient than the reverse
reaction (4), this is not a surprising result. Sensitivity of
Southern blot analysis is, however, limited and we cannot rule
out low levels of reverse recombination. Toxicity of the TAT-
NLS-Cre fusion protein at doses >200 pg/ml did not allow us
to further increase the TAT-NLS-Cre concentration.

Since Cre/loxP-mediated recombination is predominantly
used for conditional mutagenesis in vivo and different cre-
transgenic mouse strains are likely to display varying levels of
Cre expression, it was important to address the efficiencies of
lox66/lox71-mediated forward and lox72/WT loxP-mediated
reverse recombination in vivo.

We show that in mice which carry Cre under the control of
either a cell-type specific or an inducible promotor, lox66/
lox71-mediated inversion is highly favored over the lox72/WT
loxP-mediated reverse reaction. In both cases, the overall
recombination efficiency of mutant loxP sites is slightly
reduced when compared to WT loxP sites. Nevertheless,
lox66/lox71-mediated inversion is almost complete in liver
and hematopoietic stem cells of poly(I)-poly(C)-treated Mx-
cre animals (Fig. 3A) and in mature T cells from CD4-cre
mice (Fig. 4). Up to 5% of Mx-cre-transgenic hematopoietic
stem cells undergo lox72/WT loxP-mediated reverse recom-
bination upon poly(I)-poly(C) treatment (Fig. 3C), and a
similar reversion frequency might account for the incomplete
inversion observed in mature CD4-cre T cells (Fig. 4). We
conclude that reverse recombination can occur at low levels
and, based on previous work in plants (4), appears to depend
on the concentration of Cre.

The difference in WT loxP- and lox66/lox71-mediated
recombination frequencies observed in vitro and in vivo is
likely to reflect intrinsic differences between WT and mutant
loxP sites. In the case of the latter, Cre/loxP complex
formation might be impaired due to inefficient recruitment
of the Cre monomer to mutated inverted repeats. Potential
differences in accessibility of loxP-flanked alleles can be ruled
out since both WT and mutant loxP sites analyzed in this study
were targeted to the same genomic positions.

Taken together, lox66/lox7I-mediated recombination repre-
sents an easily applicable tool for the inducible and essentially
unidirectional alteration of the mouse genome by Cre-
mediated gene inversion in vitro and in vivo. Recently,
Schnuetgen er al. (26) described a different approach to
achieve unidirectional Cre-mediated gene inversion employ-
ing a combination of WT and mutant loxP sites (lox511),
which efficiently recombine with themselves but very ineffi-
ciently with each other (27). This system has been reported to
yield a high inversion frequency in vivo with undetectable
levels of reverse recombination. However, low levels of loxP/
lox511-mediated reverse recombination are still possible as
the detection limit of the PCR approach used to quantify this
event was not determined.

A potential limitation to the use of inverted loxP sites in vivo
is Cre-mediated chromosome loss in early embryos due to
dicentric chromosome formation. This event has been detected
previously using a Y chromosome that carries multiple loxP
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sites in opposing orientations (28). However, in our system,
inversion essentially blocks dicentric chromosome formation
since lox72 recombines only very inefficiently with WT
loxP; and the fact that we readily obtained mice harboring
the inverted VNPinv-VPE allele in combination with the
deleter allele suggests that Cre-mediated dicentric chromo-
some formation during early embryogenesis does not represent
a major problem in lox66/lox71-mediated gene inversion.
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