J. Biochem. 122, 977-982 (1997)

Efficiency of Recombination by Cre Transient Expression in

Embryonic Stem Cells: Comparison of Various Promoters'

Kimi Araki, Takashi Imaizumi, Keiji Okuyama,’ Yuichi Oike, and Ken-ichi Yamamura?®

Department of Developmental Genetics, Institute of Molecular Embryology and Genetics, Kumamoto University
School of Medicine, Kuhonji 4-24-1, Kumamoto 862

Received for publication, June 18, 1997

The Cre-loxP recombination system of bacteriophage P1 is frequently utilized in genetic
manipulation in embryonic stem (ES) cells. The level of Cre expression is critical to induce
loxP site-specific recombination in ES cells. To compare the efficiency of recombination, we
constructed four Cre expression vectors driven by different promoters: cytomegarovirus/
chicken g-actin (CAG) promoter, human polypeptide chain elongation factor 1o (hEF-1¢)
promoter, mouse phosphoglycerate kinase-1 (mPGK) promoter, and polyoma enhancer/
herpes simplex virus thymidine kinase (MC1) promoter. We introduced these Cre expres-
sion vectors by electroporation into three ES cell lines carrying a single copy of CAG- loxP-
chloramphenicol acetyltransferase (CAT) gene-loxP-pg-galactosidase (8-gal) gene con-
struct. Since the Cre-mediated recombination leads to excision of the CAT gene, the
efficiency of recombination can be monitored as 8-gal expression. No selection system was
used in the experiments. The maximum recombination frequency was obtained when the
CAG promoter was used, followed by the hEF-1a promoter, the mPGK promoter and the
MC1 promoter in order. These results indicate that the efficiency of recombination in
transient expression system correlates with the promoter activity of Cre expression vector.
Thus, it is important to choose the promoter for effective recombination by Cre.

Key words: embryonic stem cells, expression vectors, Cre recombinase, loxP site-specific

recombination, transient expression.

Genetic manipulation of embryonic stem (ES) cells, such as
gene disruption through homologous recombination, is a
powerful tool for the study of mammalian developmental
genetics. Recently, the Cre-loxP recombination system of
bacteriophage P1 has gained prominence as a new and
effective tool for many kinds of genome engineering (see
below) in ES cells (1). Cre recombinase catalyzes reciprocal
site-specific recombination between two specific 34-bp
sites called loxP (2). The intramolecular recombination of
two loxP sites positioned head-to-tail or head-to-head
results in deletion or inversion of the intervening DNA
sequences, and an intermolecular recombination causes
integration or reciprocal translocation at the loxP site.
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Since the recombination does not require additional cofac-
tors, this system has been successfully used in yeast (3, 4),
plants (5), mammalian culture cells (4, 6), and mice (7-9).

The combination of the Cre- loxP system and homologous
recombination in ES cells has provided new approaches,
such as tissue-specific knock-out (10, 11), inducible knock-
out (12), site-directed mutagenesis (13-15), site-directed
gene insertion (16, 17), multiple gene targeting (18),
gite-directed chromosomal translocation (19, 20), and long
targeted deletion (21, 22), inversion and duplication (21).
In these systems, while recombination in vivo is induced by
mating with a Cre-expressing transgenic line or microinjec-
tion of Cre expression vector into pronuclei of fertilized
eggs, recombination in ES cells is achieved by the electro-
poration of Cre expression vector in circular form. These
approaches can be classified into two groups depending on
the distance of loxP sites, i.e., the size of DNA manipulated.

In the first group, which includes the first five approaches,
Cre- loxP system is utilized for the removal of exogenous
selectable marker genes, such as neomycin resistance
(neo®) gene, from targeted clones. Therefore, the size of
DNA segment excised by Cre 18 a few kbp and its recom-
bination efficiency is relatively high. Thus, it is possible
without using a selection system to obtain an ES clone that
has undergone Cre-mediated excision in a frequency of 4-
16% (18, 23). Nevertheless, in many cases, herpes simplex
virus thymidine kinase (tk) gene is used as negative
selection marker to select excised ES clones. This is
because tk-negative selection system works so effectively

2T0Z ‘2 $0g0100 Uo A1seniun Bunpd e /6iosfeudnolpiojxorql//:dny wouj pspeojumoq


http://jb.oxfordjournals.org/

978

that almost all surviving ES clones carry a Cre-loxP
mediated deletion (24). However, in recent years, tk-nega-
tive selection has been shown to have an adverse effect, that
is, the expression of tk gene prevents germ-line transmis-
sion (25, 26). Therefore, it is desirable to develop an
effective Cre expression vector for efficient Cre-mediated
excision instead of the tk-negative selection system.

The second group includes site-directed chromosomal
translocation and long targeted deletion, inversion, and
duplication. In this group, Cre- loxP system was utilized as
a tool for chromosome engineering through the recombina-
tion between two loxP sites locate 2-3 ¢cM apart or on
different chromosomes. Consequently, such chromosomal
recombination frequency is very low. To achieve such
chromosomal recombination by Cre, positive selection
marker genes, such as a hypoxanthine phosphoribosyl-
transferase gene (19, 2I), have been used. Only upon
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Cre-mediated recombination one part of a selection marker
gene fuse with the remaining part of the maker gene,
resulting in the generation of the functional selection
marker gene. In this case, the number of recombinants
itself is very small. Therefore, it is also important to
develop an effective Cre expression vector in this category.

The expression level of the cre gene is expected to affect
directly the efficiency of recombination. In this study, we
have compared four promoters that are frequently used for
expression of marker genes. These include modified chick-
en S-actin (CAG) promoter (27), human polypeptide chain
elongation factor 1a (hEF-1a) promoter (28), mouse phos-
phoglycerate kinase-1 (mPGK) promoter (29), and polyoma
enhancer/herpes simplex virus thymidine kinase (MC1)
promoter (30). We report here that the CAG promoter
gave the strongest Cre activity, with a maximum recombi-
nation frequency of 26% without use of a selection system.
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Fig. 1. (A) Structure of the Cre expres-
sion vectors. Plasmid maps are shown in
linearized form, whereas the plasmids were
used in their circular forms. (B) Experi-
mental design for the detection of Cre-
mediated recombination. Horizontal open
arrows represent [oxP sites. Vertical arrows
indicate the direction of transcription. CAG,
CAG promoter; pA, polyadenylylation sig-
nals; E, EcoRI; Probe, the probe used for
Southern blotting in Fig. 4. The structure of
the pCATZ-neo transgene construct is shown
in the upper part. Before recombination, the
CAT gene is expressed, and EeoRI digestion
produces a 4.4-kbp fragment. In the lower
part, the structure after recombination is
shown. Recombination results in excision of
the CAT gene flanked by two loxP sites and
in expression of lacZ. EcoRI digestion pro-
duces a 3.1-kbp fragment.
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MATERIALS AND METHODS

Plasmids and DNA Construction—We constructed four
expression vectors, pPCAGGS-Cre, pEF1-Cre, pPGK-Cre,
and pMC1-Cre (Fig. 1A). Plasmid pCAGGS-Cre* has been
described (9). Plasmids pEF1-Cre and pPGK-Cre were
constructed by inserting the cre fragment from pBS185 (4)
(Life Technologies) into the Xbal site of pEF-BOS (28, gift
from S. Nagata) and the HindIII site of pBIKS(—)mPGKp/
pA (gift from H. Niwa). Plasmid pMC1-Cre was construct-
ed by ligating the fragment containing the cre gene and
poly(A) signal from pBS185 (Life Technologies) into the
Miul and HindIIl sites of pMC1NeopolyA (Stratagene).
The structures of these Cre expression vectors are shown in
Fig. 1A. Plasmid pCAGGS-lacZ used as a control has been
also described. Plasmid pCATZ-neo used for isolation of
cell lines (see below) was constructed from pCAG-CAT-Z
(9) by inserting a neo® gene derived from pMC1NeopolyA

‘Requests for plasmid pCAGGS or pCAGGS-Cre should be addressed
to: Dr. Jun-ichi Miyazaki, Department of Nutrition, Osaka Univer-
gity School of Medicine, Yamadaoka 2-2, Suita, Osaka 565
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(Stratagene) into a Sall site. The map of linearized pCATZ-
neo is shown in Fig. 1B.

Cell Culture and Electroporation—The ES cell line, T'T2
(31), was grown as described (32) except for the use of
G418-resistant primary mouse embryo fibroblasts as
feeder layers.

In the case of electroporation with the pCATZ-neo
plasmid, 40 xg of Sall-digested DNA and 1 X 107 TT2 cells
were used. The cells were electroporated with a Bio-Rad
Gene Pulser set at 200 V and 950 x4 F, and after 24 h they
were fed with medium supplemented with G418 (200 ug/
ml). Selection was maintained for 7 days, then colonies
were picked into 24-well plates and expanded for freezing.
The clones were examined by Southern blotting and chlo-
ramphenicol acetyltransferase (CAT) assay to select cell
lines showing a single-copy integration pattern and CAT
gene expression, as described below.

The same conditions were used for electroporation of the
circular forms of Cre expression vectors (30 ug each). Half
of the electroporated cells from a cuvette were first plated
onto a single 60-mm plate and grown for 48 h. They were
then replated onto two 60-mm plates at 3 10? cells per
plate to form colonies. After 1 week, colonies were stained
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X-gal staining of CATZ29 24 h after electroporation with the Cre expression vectors. Half of the electroporated cells were plated

on a 60-mm plate and incubated for 24 h. The Cre expression vectors used are indicated at the top of each photo. Magnification, % 16.
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with 5-bromo-4-chloro-3-indolyl A-D-galactopyranoside
(X-gal) as described (33) or picked up and expanded for
DNA analyses.

Detection of CAT Activity—The CAT activity of ES cell
clones were determined with a CAT-ELISA kit from
Boehringer Mannheim. Cells from each well of a 6-well
plate were lysed in 0.5 ml of lysis buffer from the kit, then
spun for 10 min at 4°C to remove cellular debris. Two
hundred microliters of cell extract was used for the assay.
The protein concentration of the supernatant was deter-
mined with a kit from Bio-Rad (based on the Bradford
method). CAT activities were normalized against the
amount of protein used for the assay.

Southern Hybridization—Cells were lysed with SDS/
proteinase K, then treated with phenol/chloroform, 1:1
(v/v) twice, precipitated with ethanol, and dissolved in 10
mM Tris-HCl, pH 7.5/1 mM EDTA. Six micrograms of
genomic DNA was digested with EcoRlI, electrophoresed on
a 0.9% agarose gel, then blotted onto a nylon membrane
(Boehringer Mannheim). Hybridization was performed
using a DIG DNA Labeling and Detection Kit (Boehringer
Mannheim).

RESULTS

Construction of Cell Lines Carrying a Single CAG-loxP-
CAT-loxP-LacZ Plasmid—Plasmid pCATZ-neo was de-
signed to assess the efficiency of Cre-mediated recombina-
tion by LacZ expression (Fig. 1B). In this vector, a CAT
gene with poly (A) signal flanked by two loxP sites is located
between the CAG promoter and LacZ gene. Consequently,
Cre- loxP-mediated recombination leads to deletion of the
CAT gene, thereby allowing LacZ expression. Since this
vector does not contain a negative selection marker gene for
selecting cells in which Cre-loxP-mediated deletion has
occurred, the percentage of LacZ-expressing cells repre-
sents the efficiency of recombination induced by the Cre
expression.

We introduced the linearized vector pCATZ-neo into ES
cells by electroporation, and established three ES cell lines
carrying a complete single copy of pCATZ-neo vector.
These cell lines, CATZ25, CATZ29, and CATZ31, were
examined for CAT activity. As shown in Fig. 3, cell line
CATZ25 showed the highest CAT activity, and the others
showed almost the same, lower level. We confirmed that no
LacZ expression was observed in these cell lines on X-gal
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staining before recombination.

Comparison of the Frequencies of Cre-Mediated Recom-
bination among the Cre Expression Vectors—Figure 1A
shows the Cre expression vectors used in this experiment.
The CAG promoter and the hEF-1a promoter have been
reported to have strong activity in mammalian cells (27,
28). The mPGK promoter and the MC1 promoter are often
used to drive drug-resistant genes in ES cells (33). The
MC1 promoter is also used to express Cre or nuclear
localization signal (NLS)-Cre (10, 13, 14, 16, 19, 20, 23,
24, 34). The cre gene used in our vectors is derived from
plasmid pBS185 (4), in which the DNA sequences sur-
rounding the initiation ATG codon of cre were changed
according to Kozak. Though plasmids pCAGGS-Cre and
pEF1-Cre contain the replication origin of simian virus 40,
this should not affect the expression in ES cells.

We introduced the Cre expression vector plasmids into
the cell line CATZ29 by electroporation and observed LacZ
expression 24 h later by X-gal staining to estimate the
recombination efficiencies. As shown in Fig. 2, the fre-
quencies of stained cells were clearly different among the
vectors, being highest with pCAGGS-Cre and lowest with
pMC1.-Cre. Similar staining results were obtained when
the other cell lines used (data not shown).

To evaluate the recombination frequency, we replated
electroporated cells to form colonies derived from a single
cell, stained the colonies with X-gal, then scored them. As
shown in Fig. 3, the recombination frequencies with
pCAGGS-Cre, pEF1-Cre, pPGK-Cre, and pMC1-Cre were
15-26%, 9-13%, 4-9%, and <0.3%, respectively. These
results demonstrate that pPCAGGS-Cre is the most efficient
Cre expression vector in ES cells. Although the recombina-
tion frequency varied among the cell lines used, the cell line
CATZ25 always showed the highest frequency regardless
of the vector. Interestingly, cell line CATZ25 showed the
highest CAT activity among the three lines.

We also examined the percentage of blue cells when ES
cells were electroporated with pCAGGS-lacZ. Only a small
percentage of ES cells were stained with X-gal. As de-
scribed, this is much lower than that (15-26%) induced by
pCAGGS-Cre, suggesting that Cre-mediated recombina-
tion is induced at a lower amount of Cre than the detectable
level of 8-galactosidase on X-gal staining.

Analysis of Recombination by Southern Blotting—To
confirm whether deletion of the CAT gene is due to the
Cre-loxP mediated recombination, genomic DNAs were

pCAGGS-Cre pEF1-Cre pPGK-Cre pMC1-Cre CAT activity

<
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8
.100 ©
E’ Fig. 3. Recombination frequencies and CAT ac-
2 tivity in each cell line. The electroporated cells with
-~ each Cre expression vector were plated at a low density
- 50 Z to form colonies. After culture for 7 days, colonies were
£ stained with X-gal and scored. Percent recombination
] was calculated as the number of blue colonies divided
'E by total number of colonies. Values represent means +
Qo SD for five experiments. CAT activity was measured by

use of a CAT-ELISA kit (Boehringer Mannheim).
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Fig. 4. Southern blot analysis of genomic DNAs prepared from
parental cell lines (parental) and subclones after Cre-mediated
recombination (4Cre). After electroporation with pCAGGS-Cre,
cells were plated at a low density to form colonies, then picked up and
expanded for X-gal staining and DNA analysis. An X-gal staining
positive clone from each parental cell line was chosen for DNA
analysis. The probe used for this Southern analysis is shown in Fig.
1B. EcoRI-digested DNA (6 ug) was loaded in each lane.

prepared from clones showing positive X-gal staining. As
shown in Fig. 1B, DNAs from these clones should give a
3.1-kbp band, instead of the 4.4-kbp band in the parental
cell lines, when analyzed by Southern blotting using a part
of lacZ sequence as a probe. In agreement with this, all the
X-gal positive clones gave the 3.1-kbp band (Fig. 4, lanes 2,
4, and 6), in contrast to the 4.4-kbp band in the parental cell
lines (lanes 1, 3, and 5). These results demonstrate that the
expected recombination occurred between loxP sites in the
X-gal positive clones.

DISCUSSION

We have shown here that the recombination efficiency by
Cre transient expression significantly varied depending on
the promoter activity of the Cre expression vector, and that
PCAGGS-Cre is the most eflicient to induce recombination
in ES cells. We obtained clones that had undergone the
Cre-mediated recombination in high frequency (15-25%) in
the absence of negative selection after electroporation of
pCAGGS-Cre. On the contrary, the recombination fre-
quency obtained by use of pMC1-Cre was very low
(<0.3%), suggesting that a negative selection system is
necessary when this vector is used.

Our results suggest that the recombination frequencies
are proportional to their promoter activities. Soriano et al.
reported that PGK-neo construct showed two times higher
transformation efficiency than MCl1-neo construct (29).
Contrary to this, our results showed a 30-fold difference
between PGK and MC1 promoter (9% wversus 0.3% in
CATZ25 line). DiSanto et al. (23) reported that the
frequency of Cre-mediated deletion was 4% without any
selection system using Cre expression vector pIC-Cre, in
which the cre gene is driven by MC1 promoter. This
frequency is higher than our result with pMC1-Cre.
Although the reason for these differences is not known, they
might be due to differences in experimental conditions,
such as vector structures, cell lines, electroporation condi-
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tions, or chromosomal positions of vectors integrated.

We have not examined the optimum conditions for
electroporation in this study. Thus, it may be possible to
increase the recombination frequency by optimizing these
conditions. A preliminary experiment showed that the
frequency increased up to 50% using electroporation condi-
tions of 3 4F, 800 V, 3x 107 cells, and 100 xg of pCAGGS-
Cre. Furthermore, Kellendonk et al. (35) reported that
NLS-Cre was almost two times more efficient than Cre
without NLS in green monkey CV-1 cells. Thus, use of NLS
to localize Cre in the nucleus may be another approach to
increase the frequency.

The most popular vector used to drive Cre expression in
ES cells is pMC-Cre (13, 16, 19, 20, 23, 33), which contains
MC1 promoter and NLS-Cre. Although NLS was reported
to increase the recombination efficiency two times, the
recombination efficiency of the plasmid pMC-Cre is at most
8%. Another plasmid used to express Cre is pBS185,
carrying the human cytomegarovirus major immediate
early promoter (CMV promoter) (19, 22). Smith et al. (19)
reported that these two plasmids, pMC-Cre, and pBS185,
showed similar recombination frequency. Although Abuin
and Bradley (18) reported a relatively high recombination
frequency of 16% using pOG231 as Cre expression vector,
they did not describe the promoter of pOG231. In any case,
we think pCAGGS-Cre has at least the same or higher
activity as to Cre expression.

We observed that recombination efficiencies varied
among the cell lines used, and that the highest CAT gene-
expressing cell line gave the highest recombination effi-
ciency. We obtained a similar result for Cre-mediated
site-directed integration (36), in which the highest lacZ-
expressing cell line gave the highest site-directed integra-
tion efficiency. Since all the cell lines used in both experi-
ments carried a single copy of the transgene, the chromo-
somal position effect is considered to be the cause of the
differences in the level of expression and recombination
frequency. In other words, recombination efficiency might
be proportional to the level of expression.

As described, plasmid pCAGGS-Cre can induce recom-
bination in high efficiency in ES cells. Thus, pCAGGS-Cre
will be a particularly useful tool for inducing large chromo-
somal alterations such as translocation, inversion and
deletion, because the recombination efficiency of large-
scale genome alteration is very low. In addition, pPCAGGS-
Cre will be useful for excising selectable marker genes after
homologous recombination in ES cells.

We wish to thank Y. Kiyonaga for the technical assistance. We thank
Drs. S. Nagata and H. Niwa for the gift of pEF1-BOS and pBIKS(—)
mPGKp/pA, regpectively.
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