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ABSTRACT placed promoter, thereby making the cells HAT resistant.
Fukushige and Saue) (further improved this strategy using an
ATG-lesslox—neotranslational fusion system. In this system, the
targeting vector contains a promoter followed by Alb®-and
the chromosomal target idaxP site located'=of the ATG-less
neo gene. Only upon site-specific recombination dose the
promoter—ATGlox element on the targeting vector fuse with the
ATG-lessneo gene, resulting in the generation of a functional
lox—neofusion gene to confer G418 resistance on the cells.
Recently, Albertet al (10) devised a new strategy different
from the methods mentioned above. They identified three sets of
mutantlox sites that favor integrative recombination over the
excisive reaction. ThiexP site is composed of an asymmetric

Site-directed DNA integration has been achieved by
using a pair of mutant /ox sites, a right element (RE)
mutant /ox site and a left element (LE) mutant  Jox site
[Albert et al. (1995) Plant J., 7, 649-659], in mouse
embryonic stem (ES) cells. We established ES cell
lines carrying a single copy of the wild-type loxP or LE
mutant /ox site as a target and examined the frequency
of site-specific integration of a targeting vector carry-

ing a loxP or RE mutant /ox site induced by Cre
transient expression. Since our targeting vector con-
tains a complete neo gene, random integrants can

form colonies as in the case of a gene targeting event
through homologous recombination. With our system,

the frequency of site-specific integration via the
mutant /lox sites reached a maximum of 16%. In
contrast, the wild-type JloxP sites yielded very low
frequencies (<0.5%) of site-specific integration events.
This mutated /ox system will be useful for ‘knock-in’
integration of DNA in ES cells.

8 bp spacer flanked by 13 bp inverted repeats. They introduced
nucleotide changes into the left 13 bp element (LE miatasite)

or the right 13 bp element (RE mutdok site) (Fig.1C).
Recombination between the LE mutiaxisite and the RE mutant

lox site produces the wild-typexP site and a LE+RE mutant site
that is poorly recognized by Cre, resulting in stable integration
(Fig. 1B and C).

This LE/RE mutant system has many potential uses, because it
does not need any special system for selecting targeted integra-
INTRODUCTION tion. Only a mutanibx site is needed as the chromosomal target.
The Credox recombination system of bacteriophage P1 iglowever, the efficiency of ta_rgeted integrative reqombination in
currently the most powerful tool for genetic manipulation both the LE/RE mutant system in mammalian cells is not known.
vitro (1-5) and in vivo (6-9). Cre recombinase catalyzes Al_b_ert et al used plant,_ not mammalian, cells and since they
reciprocal site-specific recombination between tox® sites. utilized the promoter fusion strategy as weII' asthe LE/R!E mutant
Consequently, Cre mediates both intramolecular (excisive 8YStem, they could not precisely determine the efficiency of
inversional) and intermolecular (integrative) recombination. IR€combination in the LE/RE mutant system. In this study we have
integrative recombination, a circular DNA carryingxP site s Used embryonic stem (ES) cells, which are extensively used in
inserted into aloxP site on a chromosome. However, thisdenome engineering and adopted a simple selection system to
integration reaction is quite inefficient, because the integratéamine the frequency of targeted insertion over random
DNA, which hadoxP sites at both ends, is easily removed agaifitégration. We show here that the LE/RE mutant system is more
though excisive recombination if the Cre recombinase is stfiffective than wild-typéoxP and that the efficiency of targeted
present (FiglA). Therefore, a special selection system in whicntegration was in the range 2—-16%.
only targeted integrants can survive is indispensable for targeted
integration intdoxP sites. For example, Sauer and Hendergon (MATERIALS AND METHODS
used a promoter fusion strategy. In this system, the targetim’asmids
vector contains laxP site followed by a promoterlekgene and
the chromosomal target islaP site located'3f a promoter. TheloxP,lox66 andox71 sequenced () were synthesized and
Only uponloxP-specific targeted integration does the promotercloned into pBluescript (pBS)-SK(Stratagene). The pCA-
lesstk gene on the targeting vector fuse to the chromosomalgloxPbsr and pCAGlox71bsr plasmids were constructed by first
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Tokyo). Selection was maintained for 5 days and then colonies

A JoxP B LE mutant were picked into 24-well plates and expanded for freezing. The
—<— —— clones were analyzed by Southern blotting to select cell lines
X X showing a single copy integration pattern.
- 4 For the electroporation experiments designed to detect targeted
integration into thdox site, ploxPNZneo, plox66NZneo and
pCAGGS-Cre were used in their circular forms. The electropo-
— — _ rated cells were selected with G418 at pgdml for 1 week.
Excision ~{Teansient expression of Gro p- Insertion Colonies were stained with X-gal as descridg) ¢r picked and
expanded for DNA analysis.
loxP loxP Double (LE+RE) mutant Jox loxP
Southern hybridization, PCR and DNA sequencing
LE mutant @Gh‘wce'ma GCATACAT TATACGAAGTTAT | Six micrograms of genomic DNA were digested with appropriate
RE mutant =< — restriction enzymes, electrophoresed on a 0.9% agarose gel and
Jox66 <A"-‘“°'1"1‘°G'1‘“A Geatacar TaTACGAPGGTA | then blotted onto a nylon membrane (Boehringer Mannheim).
GQ Hybridization was performed using a DIG DNA Labeling and

Detection Kit (Boehringer Mannheim). For PCR analysis, DNAs
(0.1-0.5ug) were subjected to 28 cycles of amplification (each
cycle consisting of 1 min at 9€, 2 min at 58C and 2 min at
72°C) with a thermal cycler. Thé-primers and ‘3primers were
AG2 (5-CTGCTAACCATGTTCATGCC-3 and LzZUSS
Figure 1. The LE/RE mutant system. Horizontal arrows represamsites. (0 -GCGCATCGTAACCGTGCAT-3 for amplification of the
Vertical arrows indicate the direction and frequency of the reacign. ( 5'-junction fragment and T7 BATACGACTCAGTATAG-3')
Recombination betwedaxP sites. The integrated DNA flanked by tiorP and BSR1 (5CTTCTCTGTCGCTACTTCTAC-3 for ampli-
sites is easily removed again if Cre recombinase is present, therefore, thgeation of the 3junction fragment. One half of the PCR reaction

insertion product is unstable during transient Cre expresBipRetombina-
tion between a LE mutant site and a RE mutant site produces a wildxype product was loaded and analyzed on an agarose gel.

site and a double (LE+RE) mutant site. Since the LE+RE mutant site exhibits 1€ nucleotide sequences of the regions surroundinigxhe
reduced binding affinity for Cre recombinase, the inserted DNA is stable. Thesites derived from PCR from the targeted clones were determined
filed parts of thelox arrows indicate mutated sequence) Kucleotide  wijth a thermo sequenase fluorescent labeled primer cycle
sequences d6x sites. The shaded sequences indicate nucleotide base changg%quencing kit (US Biochemicals)

of the mutatedbx sites. :

Double (LE+RE) m TCGTATA GCATACAT TATACGAREGGTE
mutant fox

s

loxP (ATAACTTCGTATA GCATACAT TATACGAAGTTAT |

RESULTS
introducing asrHindlll fragment from pSV2bsr (Kaken-Seiya-

ku, Tokyo) (1) into loxP- orlox71-containing plasmids. Then, eyperimental design
theloxP-bsrorlox71-bsrfragment was ligated into pBS-CAGG,
which was constructed by insertingsal-Pst fragment from  The experimental design outlined in Figreras used to assess
PCAGGS (2) into pBS-SK. the efficiency of targeted recombination between the mutant lox
Plasmid ploxPNZneo and plox66NZneo were assembled frogaquencedpx71 andlox66 (Fig. 1), which we chose from the
components of pBSnislacZ, pMC1NeopolyA (Stratagene) anfiree sets of mutants reported by Alleegtl (10). We established
lox sequences. Plasmid pBSnIsIaCZ Contalniatlﬁgene fused six ES cell lines Carrying a Sing|e copy lokP (|OXP-5 and
with the nuclear localization signal (NLS) derived from the SV4oxpP-6) orlox71 (lox71-2, lox71-19, lox71-20 and lox71-22).
large T gene and an intron and poly(A) signal derived from SV4fhe|ox site was placed between the CAG promoter antighe
(13). The MC1neopolyA fragment was inserted into ther@l of  gene as a target. Since the transformants were selected with
NLS-acZ and thdoxP orlox66 fragment was inserted into the B|asticidin S (i.ebsr gene expression), the CAG promoter was
5'-end of NLS+acZ active in the cell lines. After introducing the targeting plasmids,
The Cre expression vector, PCAGGS-Cre, was constructed BisxPNZneo and plox66NZneo, we could defest site-me-
inserting thecre fragment from pBS185 (Life Technologies) into diated integration by monitoring expression of the inserted gene,
pCAGGS (2). i.e. thdacZgene fused with the NLS derived from the SV40 large
T gene (NLSfac?) in this study. The targeting plasmids also
contained the completeeo gene with a promoter and poly(A)
signal (see Fig2). In this system, although both random and
The ES cell line TT21(4) was grown as describet) except for  targeted integrants become G418 resistant, only the targeted
the use of G418-resistant primary mouse embryo fibroblasts im¢egrants are stained blue by X-gal and the percentage of blue
feeder layers. colonies indicates the frequency of targeted integration. It is
In the case of electroporation with the pCAGloxPbsr oexpected that in the case of site-specific recombination between
PCAGIlox71bsr plasmids, 30y Spé-digested DNA and ¥ 107  wild-type loxP sites, the inserted vector will be excised by the
cells were used. The cells were electroporated using a BioRammaining Cre recombinase activity. On the other hand, targeted
Gene Pulser and after 48 h they were fed with mediuintegration vidox66 andox71 will be stable because of the poor
supplemented with 4ug/ml Blasticidin S (Kaken-Seiyaku, affinity of the LE+RE mutant site for the Cre recombinase.

Cell culture and electroporation
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\ Table 1.Cre-mediated DNA targeting into wild or mutdox sites
lox71-2
Cell line: lox71-19- Transfected DNA

lox71-20 ¥
Tox71-22 Amount Of(’ig?GGs Cre Plated cell  Number of Number of Targeting
" Ga18" Blue frequency
- Celiline  + ploxPNZneo + plox66NZneo number
mmm 71 PA (20ug) (20p0) (x106) colonies colonies (% of blue/ total)
(¢
LE mutant loxP-5 0 0.6 139 0 0

10 3.0 270 0 [
N 20 7.2 1254 3 02
& 40 12 218 1 05
Il Electroporation 20 8 962 3 03
N g loxP-6 0 38 492 ° o
y/ 2 38 432 1 >0.2
10 2 186 0 0
20 52 834 1 >0.2
i 16 257 1 >0.4
20 4 684 3 0.4
lox71-2 0 8 1042 0 o
10 9 1552 21 14
20 8 818 17 2.
40 8 908 13 14
lox71-19 0 06 54 0 0
10 3 270 16 6.0
20 54 695 14 16
30 6 485 64 13
40 16 174 0 0
H 20 4 375 4 11
vi lox71-20 0 23 177 0 0
i 2 23 224 6 27
: : 2 2 5 7
\ 20 48 636 52 82
E 30 8 402 18 45
: 40 16 225 | 16 71
' 20 3 34 2 06
' lox71-22 0 7 1056 o T o T
¢ 10 8 1289 34 26
20 8 1008 32 32
40 8 897 24 27

Figure 2. Description of the experiment. Cell lines carrying a single copy of the
CAG promoteriox-bspA fragment were established. loxP-5 and loxP-6
LE mitaniox?L. The arge arfows represimisequences and the biack pars. 2020 With 201g each of pCAGGS-Cre and plox66NZneo.
of the arrows representgmutations. 'Ir')he cell Iin?es were co—electroporaFt)ed Witﬂ—h.e .Se results indicate .that th.e LE/RE. m.Utant S.yStem IS more
the targeting vector, ploxPNZneo or plox66NZneo, and the Cre expressio@ﬁ'C'ent as to Cre'med|ate_d site-specific Integration. When we
vector, pPCAGGS-Cre, and then selected with G418. In random integrationjntroduced plox66NZneo into thiexP-carrying cell lines or
colonies are not stained with X-gal, because there is no promoter sequence fptoxPNZneo into thdx))(?l_carrying cell lines, the frequencies
the NLS_—IacZ gene. In targeted integra_tiqn: colonies are stained for It5— were low (0'3_1%), although they were slightly better than in the
expression, because the NI&EZ gene is joined to the CAG promoter. In the case ofloxPHoxP recombination. This demonstrates that the
case of recombination betwderP sites, the inserted vector sequence flanked e : e -
by wild-type loxP sites is easily eliminated by the remaining Cre activity, COmbination of the RE and LE mutants is important for achieving
resulting in cell death through G418 selection. On the other hand, in the cas@argeted integration.
(fepresented by a black arrow), which s poorly recognized by re. s generatedt . 1ound differences in the targeting frequency among the four
resﬁ)JIting in sta)l:/JIe integration t’hat confefs NI%Z ex;g)ressionyon tk’\e cgells. %e" I_|nes CarrymgOX7.1‘ Cell line lox71-19 Showe(.j STfOId h|gher
efficiency than cell line lox71-2. These results indicate that the
targeting efficiency may depend on the chromosomal position of
the integration site. Interestingly, the positive colonies derived
Targeted recombination frequency from cell line lox71-19 showed the strongest X-gal staining among
) ) _ the four lines (data not shown), suggesting the possibility that the
The celllines carryinglaxP orlox71 site were co-electroporated |ox71 target site is located at an ‘active’ chromosomal position.
with a constant amount (2@) of ploxPNZneo or plox66NZneo concerning the positive colonies derived fromlthx®-carrying
and various amounts of the Cre expression vector, pPCAGGS-Cggj| line, their staining intensities were similar to those derived
as indicated in Tablé. After G418 selection for 1 week, the from cell lines lox71-20 and lox71-22. Therefore, the low targeting
colonies were stained with X-gal and then scored. All of thesiciency ofloxP sites is not due to a position effect.
positive colonies turned blue within 2 h, reflecting the strong
activity of the CAG promoter. The blue colonies derived from thg\
same parental cell line showed almost the same intensity o
staining, suggesting that no ‘gene-trap’-type integration hatb confirm site-directed integration of the vector into chromoso-
occurred. However, the staining intensities varied among diffemal lox targets, we picked 48 colonies from among the
ent parental lines, probably due to the different promoter activityansformants of cell line lox71-19 electroporated withug0
in each parental cell line. The results are summarized in Tableeach of pCAGGS-Cre and plox66NZneo. Five out of the 48
The targeting frequencies for norniakP sites were very low clones showed positive X-gal staining. We prepared genomic
(<0.5%) irrespective of the amount of pPCAGGS-Cre. We coul®NAs from these five clones and also from seven negative clones
find two blue colonies at most. On the other hand, the frequencigsd analyzed them by Southern blotting using pBS as a probe. As
of targeted integration betwelem66 andox71 were in the range shown in Figure8A, targeted integration should give a 4.3 kb

?alysis of integration into lox71 targets
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is probably the use of a simple selection system. It allows us to
score the efficiency of targeted integration over random integra-
tion by counting blue colonies. We believe this is the first report

showing successful Cre-mediated site-specific targeting without
selection of targeting events. The highest frequency of site-spe-

290b| cific integration was 16% with cell line lox71-19. This frequency
Xhot<—3.3kb—> Bghl is comparable to that of ‘knock-out’ gene targeting, in which
negative selection or promoter trapping is not involved. There-
B Targeted Insertion Random Insartion fore, this LE/RE mutant system is a practical method for genetic
123 456 7 E 9 101112 manipulation in ES cells.
X oo The efficiency of Cre-mediated, targeted integration depends

3.3kb> i“ﬁ-i‘.

on the amount of Cre expression vector and thus the level of Cre
recombinase activity. In our experiment, the optimal amount was
20ug and a higher or lower amount of the Cre expression plasmid
reduced the targeting efficiency. Baubonis and Sayuezforted

a similar observation for purified Cre protein in fb&neo
fusion system. Since the CAG promoter has strong activity, 3- to
5-fold higher than that of the phosphoglycerate kinase-1 (PGK)
promoter (unpublished data), we originally expected thafig20
would be optimal for targeted recombination. Our results suggest
that it is necessary to use a strong promoter for effective insertion.
On the other hand, an excess amount of the Cre expression
plasmid causes excisive recombination, even when a double

C Targeted Insertion Random Insertion
M1 2 3 45 6 7 8 910

L;S:a 470bp mutantlox site is used. If a more effective pair of mutixt
sequences is found, the targeting frequency might increase.
We observed an 8.5-fold difference in targeting efficiency
among the cell lines carryingx71. Since all the cell lines used
B;; 290bp carried a single copy of the tardek site, the chromosomal

position effect is considered to be the cause of the difference.
Baubonis and SaueB)(also observed a 50-fold difference in
targeting efficiency per targlixP site in human osteosarcoma
Figure 3.PCR and Southern analyses of genomic DNA from transformants ofC€ll lines using purified Cre protein. As they used cell lines
lox71-19. @) The expected DNA structure for site-specific integration. The carrying different numbers ooxP sites, the difference in
small arrows indicate the positions and directions of the PCR primers. Theargeting efficiency could be larger. Our finding that the highest
expected sizes of PCR products are indicai8Southern blot analysis of 507 expressing cell line gave the highest targeting efficiency
Xhd + Bglll-digested genomic DNAs from: lanes 1-5, X-gal-positive clones; ts that t ti ffici iaht b fi | to th
lanes 6-12, X-gal-negative clones. The probe used for this Southern analys%‘lggeS S that targe 'r!g emciency mig € propor |ona 0 the
is indicated in (A).€) PCR analysis. The samples were the same as lanes 1—1@3Ve| of gene expression, although the number of examlneq cell
in (B). The primers used are indicated to the left of the photograph. lines was limited. Increasing the number of parental cell lines

could make the cause(s) of the position effects on recombination

. . . and.gene expression more apparent.
band, whereas bands of various sizes are expected in the case Wr?en we iﬁtroduced ploxeglEIZneo into theP-carrying cell

random integration. In agreement with this expectation, all the,.c o ; ; :

; .o ploxPNZneo into théox71-carrying cell lines, the
five X-gal-positive clones gave a 4.3 kb band (B#y1anes 1-5),  graquencies were low, as in the casexP-ioxP recombination.
in contrast to the ‘white’ clones (lanes 6-12). Since there were B ingicates that excisive recombination betweelo#fa and
extra bands other than the 4.3 kb one, a single copy of the veg b sites oceurs at a normal rate.
was inserted in each case. PCR analyses were also performed fg§,o advantage of this mutdax system is that only a mutant

confirmation. The junction of the integration can be amplifieq, site is needed as the chromosomal tar :
. . : . X get. We believe that the
using the primer pairs AG2 and LZUSS for theiction and T7 04 described here will be useful for genetic manipulation in

and BSR1 for the'gunction (see Fig3A). As shown in Figure  £q cejis including conditional gene targeting and gene trapping,

3C, only the X-gal-positive clones gave a band of the expected yhis system allows site-specific integration of any DNA
size. Furthermore, we determined the nucleotide Sequeg@@quence into a definémk site.

surrounding thdox sites of the PCR products and confirme
generation of the wild-typlexP site and the double mutdox
site (data not shown). These results demonstrate that the cloASKNOWLEDGEMENTS
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