With regard to other candidates that control the
migration of NCCs, previous studies have demonstrated
that Eph-ephrin and Semaphorin/Neuropilin signaling
influences migration of craniofacial NCCs in the mouse
as well as in Xenopus, chick and zebrafish (Smith et al. 1997;
Osborne ef al. 2005; Yu & Moens 2005). Moreover, in
human, mutations of Semaphorin 3E and ephrin B1 were
found in patients with congenital anomalies associated with
neural crest derived tissues (Lalani ef al. 2004; Twigg et al.
2004).

Thus, these genes could be involved in ocular
morphogenesis, especially in the NCDC-containing
anterior and posterior eye regions. Future studies focusing
on molecular and cellular mechanisms of distribution
and differentiation of NCCs in the ocular region would
provide a clearer answer to the pathogenesis of various
ocular malformations in human.

Experimental procedures
Animals

Transgenic mice expressing Cre enzyme driven by myelin
protein zero (PO) promoter were crossed with another transgenic
lines CAG-CAT-Z (Yamauchi et al. 1999), or CAG-CAT-EGFP
(Kawamoto et al. 2000). In each double transgenic mouse, NCDCs
could be identified by the expression of lacZ or GFP after the
P0O-Cre mediated DNA recombination. These double transgenic
lines were crossed with Paxé-heterozygous mice (Pax 67 (Hill et al.
1991), kindly provided by Dr van Heyningen. To eliminate
pigmentation in the iris tissue of the double transgenic lines, these
mice originally of C57/B6) background (black color) were
crossed with CD-1 background (albino color) (Japan Charles River,
Tokyo, Japan) for 5-6 generations. The mid-day of identifying a
vaginal plug was considered as embryonic day (E) 0.5. Genomic
DNA was prepared from the yolk sac of embryos or tails of pups.
To examine the genotypes, polymerase chain reaction (PCR)
analyses for PO-Cre, CAG-CAT-Z and CAG-CAT-EGFP were
performed as previously described (Yamauchi eral. 1999;
Kawamoto et al. 2000), in which the enzymatic digestion of specific
PCR products was carried out for Pax6*"™ mice (Grindley et al.
1995). All experimental procedures described in the present study
were approved by the Ethics Commiittee for Animal Experiment
of Tohoku University Graduate School of Medicine, and animals
were treated according to the National Institute of Health guid-
ance for the care and use of laboratory animals.

Detection of B-galactosidase (LacZ) activity in
embryos

Embryos were fixed for 45 min at 4 °C with solution containing
1% formaldehyde, 0.2% glutaraldehyde, and 0.02% Norident P-
40 in phosphate buffered saline (PBS) as previously described
(Yamauchi er al. 1999). To detect LacZ activity, embryos were
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incubated for 30—60 min at 37 °C in a staining solution containing
3 mM potassium ferricyanide, 3 mM potassium ferrocyanide, 1 mm
MgCl, 0.1% TritonX-100 and 2% X-gal in PBS (Suemori et al.
1990). Samples were then rinsed 3 times in PBS with 2 mm
ethylenediaminetetracetic acid (EDTA) to stop the reaction.
Whole-mount staining samples were examined under a stereo-
microscope (LEICA CLS-150XD) equipped with a digital cunera
system (FINGGAL LINK).

Immunohistochemistry

All procedures were performed as previously described (Osumi
et al. 1997). Detailed information will be provided on request. The
following antibodies were used: anti-GFP (rabbit polyclonal,
Chemicon); anti-Pax6 (rabbit polyclonal, Inoue et al. 2000);
anti-BrdU (mouse monoclonal, Becton Dickinson); anti-o
smooth muscle actin (inouse monoclonal, Sigma); and anti-PECAM
(mouse monoclonal, Becton Dickinson). Then the sections were
incubated with Cy3-conjugated goat-anti-mouse IgG (Jackson)
or FITC-conjugated goat anti-rabbit IgG (Jackson), and examined
with fluorescent microscope (AXIO PLAN-2, ZEISS) equipped
with a cooled CCD camera (Roper). To perform enzymatic detection
of antibodies, the sections were incubated with Streptavidin-horseradish
peroxidase (HRP) complex (VECTASTAIN ABC kit, Vector Lab-
oratories) after secondary antibody incubation. Diamonobenzi-
dine enhance kit (PIER.CE) was used to detect HRP activity.

Whole embryo culture and DIl labeling of cranial
neural crest cells

Embryos at E 8.25 (14 somite stage) were obtained from CD-1
background female mice that were crossed with P0-Cre; CAG-
CAT-GFP double transgenic male mice. The procedures of
whole embryo culture and Dil labeling of NCC were based on
the methods previously described (Osumi-Yamashita et al. 1994).
Similarly, the embryos at E10.0 were labeled with Dil in the
temporal or nasal side of the periocular mesenchyme. After 36 h
culture, the sections were made paralle]l to the plane along the
migration pathway of the midbrin crest cells, and direcdy
observed in the dried condition to see the Dil.

5-bromodeoxyuridine (BrdU) labeling

To analyze cell proliferation, 10 mg/kg BrdU (Boehringer
Mannheim, Germany) was injected intraperitoneally into pregnant
mice 45 min prior to extraction of embryos. For detection of
BrdU-incorporated cells, sections were treated with 2 M HCI
solution at 37 °C for 10 min before incubation with anti-BrdU
antibody.

Statistical Analysis

Data are expressed as mean & SD. The two-sample t-test was used to
compare the data in different groups. A P < 0.05 was considered
to denote statistical significance.
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The Cre-lox system isan important toolfor genetic manipulation in embryonic stem cells.
We previously reported that the cassette exchange strategy using the mutant lox66/71
and lox2272 combination showed high recombination efficiency and stability. However,
the efficiency was strongly affected by the position of chromosomal target lox sites. To
enrich successful cassette exchange events, even in clones showing lower recombination
efficiency, we have improved exchange vector. The Diphtheria toxin A fragment gene was
placed in the un-exchanged region for negative selection and the puromycin N-aceiyl-
transferase gene, instead of the neomycin phosphotransferase gene, was used for positive
selection. By reducing random integration, the frequency of successful cassette
exchange increased up to 2-4 fold. Furthermore, by adding the third lox site to induce
intrarmolecular recombination, the recombination efficiency of eassette exchange itself
was improved, and the frequency increased to maximum 5 fold, in which the percentage
of exchanged clones reached to 50-70%. This strategy should be useful for other
recombinase-mediated cassette exchanges.

Key words: cassette exchange, Cre recombinase, Diphtheria toxin A fragment (DT-A)
gene, embryonie stem (ES) cells, site-directed recombination.

Abbreviations: bsr, blasticidin S resistant; DT-A, diphtheria toxin A fragment; ES, embryonic stem; neo,
neomycin phosphotransferase; NLSLacZ, lucZ gene fused with the nuclear localizing signal, pA, polyadeoy-
lation; pac, puromycin N-acetyltransferase; Pgk, phosphoglycerate kinase-1; RMCE, Recombinase Mediated

Cassette Exchange; tk, thymidine kinase; X-gal, 5-bromo-4-chlore-3-indolyl f-D-galactopyranoside.

The Cre-mediated site-specific targeting system is a
powerful tool for genome engineering in mammals, espe-
cially in mouse embryonic stem (ES) cells, because it allows
precise and repeated knock-ins of any DNA to target lox
sites introduced by gene targeting or gene trapping. (1-3)
However, intermolecular recombination between wild-type
loxP sites, i.e., integrative recombination, is inefficient due
to re-excision through intramolecular recombination (4).
In order to perform Cre-mediated insertion or replace-
ment, two kinds of mutant lox sites have been developed.
One is a pair of lox sites with a 5 bp mutation in the left
or right end of the lox sequence, such as lox66/71 (5, 6).
Recombination between a chromosomally located lox71 site
and a lox66 site on a targeting plasmid results in site-
specific integration of the plasmid producing a double
mutant Jox site at both ends and a wild-type loxP site.
Since the binding affinity of the double lox mutant site
for Cre recombinase is reduced, the integrated plasmid
is stably retained. The other mutant site is a heterospecific
lox site that has mutation(s) in the central 8 bp spacer
region (7-9). The recombination using heterospecific Jox
sites is termed Recombinase Mediated Cassette Exchange
(RMCE) (10), in which the recombination does not occur
between two lox sites differing in the spacer region

#T'o whom correspondence should be addressed. E-mail: arakimi@
gpo.kumamoto-u.ac.jp
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whereas lox sites with identical spacer regions can be
recombined efficiently. Until now, lox511 (11), lox2272
(12) and lox5171 (13) have been successfully used in
ES cells.

Recently, we have shown that the combination of lox
66/71 and the heterospecific [ox2272 site gave high recom-
bination efficiency and stability even with Cre recombinase
(14), and developed an exchangeable gene trap vector
carrying lox71, loxP and [ox2272 (3). Using the trap vector,
we can initially carry out random insertional mutagenesis
in ES cells, and then replace the reporter gene in the trap
vector with any gene of interest to be expressed under the
control of the trapped promoter through RMCE.

In RMCE, a targeting plasmid carrying an integrated
floxed cassette is co-electroporated with a Cre-expression
vector into cells in their circular forms to reduce random
integration. However, random integration of targeting
plasmid also occurs at a considerable frequency, probably
due to nicks in plasmid DNA strands. In our previous
study, the percentage of random integrants was over
50% even in the clone that showed the highest RMCE
frequency, indicating that random integration is more
efficient than RMCE. The most effective method to elim-
inate random integrants is negative selection using the
thymidine kinase (¢k) gene of the Herpes simplex virus
(15). In this method, the tk gene is placed on a chromosomal
target construct between two heterospecific lox sites, and
recombined clones, where the 2k gene should be removed by

793 © 2006 The Japanese Biochemical Society.
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replacement with other DNA on the targeting vector, are
selected with ganciclovir. Several groups reported that
almost all clones obtained after electroporation had
targeted replacement (712, 16, 17). This & negative selec-
tion is very useful because it is not necessary to have any
positive marker on targeting vectors. On the other hand,
the necessity of placing the tk gene in a chromosomal target
construct is quite inconvenient for gene trapping, since it is
preferable that trap vectors should consist of minimum
elements to avoid unexpected effect(s) caused by intro-
duction of vector elements. Actually, male sterility caused
by ectopic expression of the & gene in testis has been
reported (I8).

In this study, we aimed to increase recombination fre-
quency by improving exchange vectors, not chromosomal
target constructs. We used the Diphtheria toxin A fragment
(DT-A) gene (19) for negative selection to reduce random
integrants, changed the neomycin phosphotransferase
(neo) gene into the puromycin N-acetyltransferase (pac)
gene, and added a lox66 site to induce intra-molecular
recombination within the exchange vector. With the
improved exchange vector, the frequency of exchanged
clones was increased to 2-5 folds.

MATERIALS AND METHODS

Plasmids—Plasmids p66-2272 and pCAGGS-Cre were
described previously (14, 20). The plasmid containing
the MC1 promoter—DT-A gene was kindly provided by
Dr. S. Aizawa (19). However, The original MC1-DT-A
cassette had no polyadenylation (pA) signal and the
MC1 promoter of the cassette carried only one copy of
the enhancer sequence. The MCI1-DT-A-pA cassette used
in this study was constructed by replacing the original
promoter by the MC1 promoter from MCl-neo-pA cassette
(STRATAGENE, La Jolla, USA) and by adding the pA
signal of the rabbit §-grobin gene. The pMC1-DTA plasmid
was constructed by inserting the MC1-DT-A-pA cassette
into p66-2272. The pPGK-DTA and pPac-DTA were cons-
tructed by replacing the MCl-neo-pA cassette into the
Pgk-neo-pA and Pgk-pac-pA cassetie, respectively. The
pPac-DTA-66 was constructed by inserting a [ox66
fragment into pPac-DTA. The sequences of all lox sites
in these plasmids were confirmed by DNA sequencing.

Cell Culture and Electroporation—ES cell culture and
establishment of cell lines carrying a single copy of
target lox sites was described previously (14). For
RMCE, the cells (3-6 x 10°% cells/0.8 ml in PBS) were
electroporated at 400 V and 125 uF, and plated into two
10 em plates. G418 selection was started after 24 h of
electroporation at 200 pg/ml for 7 days. For puromycin
selection, cells were fed 2 pg/ml of puromyein containing
medium for 24 h x 2 times on day 1 and 4 after electro-
poration. On day 8, colonies were stained with 5-bromo-4-
chloro-3-indolyl fB-pD-galactopyranoside (X-gal) or picked
and expanded for DNA analysis.

A series of 5 exchange vectors with a cell line was per-
formed on the same day, and each series of electroporation
was repeated at least four times on independent days.

PCR Analysis—Genomic DNA (0.05-0.1 pg) was sub-
jected to 32 cycles of amplification (each cycle consisted
of 1 min at 94°C, 1.5 min at 58°C and 1.5 min at 72°C)
using AmpliTaq polymerase (Perkin-Elmer). Primer

K. Araki et al.

sequences are as follows; AG2, 5-CPGCTAACCATGTT-
CATGCC-8; LZUSS, 5-GCGCATCGTAACCGTGCAT-3;
bsr-2, 5'-GCAGAAATCGGAGGAAGAAG-3; bsr-3, 5'-CAA-
CTCCCTACACATACCAC-3'; FRT-S, 5-GCTTCAAAAGC-
GCTCTGAAG-3'; DTA1, 5-TACCACGGGACTAAACCT-
GG-3'; DTA2, 5-CGCTTAACGCTTTCGCCTGT-3'.
Statistical Analyses—The recombination efficiencies and
relative number of blue or white colonies were evaluated
by non-repeated measures ANOVA. Where a significant
difference (p < 0.05) was identified, the differences were
analyzed further with SNK tests for multiple comparisons.

RESULTS

Experimental Design—The strategy to assess the RMCE
frequencies used previously (14) is outlined in Fig. 1A. The
chromosomal target is the CAG promoter-lox71-Blasticidin
S resistant (bsr) gene-pA-lox511-FRT-lox2272. Exchange
vectors contain lox66-the promoter-less lacZ gene fused
with the nuclear localizing signal (WLSlecZ)-a selection
marker gene-lox2272. ES cell lines carrying the chromoso-
mal target are co-electroporated with the exchange vector
and Cre-expression vector in their cireular forms, and then
selected with appropriate drug according to the selection
marker gene. The cre gene on the expression vector is
transiently expressed, and Cre protein mediates site-
specific recombination between the chromosomal lox71
and Jox66 on the targeting plasmid, and the chromosomal
10x2272 and [0ox2272 on the targeting plasmid, resulting in
cassette exchange of the bsr gene with the NLSlacZ-selec-
tion marker cassette. Since there is no negative selection
marker on the chromosomal target construct, both random
integrants and site-specific recombinants become drug
resistant, but only the colonies where RMCE had occurred
are stained blue with X-gal, since the NLSLacZ gene is
inserted downstream of the CAG promoter. The percentage
of blue colonies represents the frequency of RMCE, When
only the exchange vector was electroporated, no blue colo-
nies appeared (data not shown), indicating that gene trap-
ping events hardly oceur with electroporation using the
exchange vectors in circular forms.

We used four ES cell lines, 71-5F2-7, 71-5F2-10,
71-5F2-23 and 71-5F2-26 carrying a single copy of the
chromosomal target construct. The cell lines 71-5F2-10
and T1-5F2-23 were used in our previous study (/4), and
showed lower and higher recombination frequency, respec-
tively. We added two cell lines, 71-5F2-7 and 71-5F2-26,
which showed lower recombination frequency, to examine
enrichment effects of exchange vectors on several different
“inactive” positions. Since the original 71-5F2-7, 71-.5F2-10
and 71-5F2-26 clones were contaminated with wild-type
ES cells at a considerable percentage (data not shown),
all four lines were re-cloned through limiting dilution
and Blasticidin S selection. Table 1 shows the RMCE fre-
quencies and the number of blue colonies in each re-cloned
line electroporated with pCAGGS-Cre and p66-2272, which
contains only the MCl-neo-pA cassette as a positive selec-
tion marker (Fig. 1B, top) and gave the best frequency in
the previous study. Since the conditions of electroporation
were optimized for Cre-mediated recombination, the freq-
uency in 71-5F2-23 increased to 35.3% from the frequency
obtained in the previous study, 26.3%. In 71-5F2-23, the
number of blue colonies was 3-4 times higher than in the

. Biochem.
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Fig. 1. (A) Experimental sirategy for comparison of

frequency of RMCE. ES cell lines carrying a single copy of
the CAG-lox71-bsr-pA-lox511-FRT-[0x2272 fragment were estab-
lished. The cell lines were co-clectroporated with the Cre expres-
sion vector and the targeting plasmids carrying the promoter-less
NLS-lacZ gene. Through RMCE, the NLSlucZ gene isjoined to the
CAG promoter, resulting in positive staining with X-gal. Since the
targeting plasmids contain a selection marker gene, random inte-
grants can also appear. However, colonies with random infegration
are not stained because there is no promoter for the NLSlacZ gene.
The percentage of blue colonies represents the frequency of RMCE.
Positions of PCR primers used in Table 2 are shown as small
arrows with the name of the primer. (B) Targeting vectors
used in this study. (C) Predicted recombination intermedi-
ate of pPac-DTA-66. Since pPac-DTA-66 carries two [oxB6 sites,
intra-molecular recombination should occur first to divide into two
circular molecules. The molecule including lox66 and lox2272
becomes a substrate of RMCE.

other three clones, indicating high recombination effi-
ciency probably due to open chromosomal configuration
around the target lox sites. The goal of this study is to
improve targeting vectors to enrich blue colonies in all
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Table 1. Recombination frequency with p66-2272 targeting
vector in clones used in this study.

Cell line Numbgr of Blue Recombination
colonies = SD Frequency (%) + SD
71-582-7 121 +£29.6 202+ 5.89
71-5F2-10 92.0x 346 16.5+ 2.67
71-5¥2-23 311 £ 166 353+ 7.89
71-5F2-26 67.0+17.8 11.6+2.44

N =4 in each clone.

cell lines, including the “lower” recombination-frequency
clones.

Exchange Vectors—Exchange vectors used in this study
are shown in Fig. 1B. In pMC1-DTA, we added the MC1
promoter-DT-A gene-pA cassetlte to p66-2272 in the
un-integrated region by RMCE (outside of two lox sites)
for negative selection to reduce random integrants. The
choice of selection marker gene is also important for colony
formation efficiency. In pPGK-DTA, the mouse phospho-
glycerate kinuse-1 (Pgk) promoter—neo-pA cassette, which
shows higher colony efficiency than MCl-neo, is used, and
in pPac-DTA, the Pgk promoter—pac-pA cassette, which is
known to that puromycin sensitive cells are killed quite
quickly and the drug selection completes within 24-48 h, is
used. In addition, we constructed a pPac-DTA-66 plasmid,
in which an additional lox66 site was placed between
the DT-A cassette and plasmid vector sequence. After elec-
troporation with Cre expression plasmid, intra-molecular
recombination between lox66 sites should take place first,
resulting in two circular molecules as shown Fig. 1C. By
minimizing the size of the targeting DNA molecule, we
expected to reduce random integration.

Recombination Frequencies—Percentages of blue colo-
nies, i.e., RMCE frequencies, in the 4 lines are shown in
Fig. 2A. The pPac-DTA-66 plasmid (vector no. 5) gave the
highest RMCE frequency in all lines with statistical sig-
nificant differences. Even in the Tower’
recombination-frequency clone 71-52-26, the frequency
exceeded 50%, and in the "high" recombination-frequency
clone 71-5F2-23 line, it reached to 75%. In order to evaluate
the enrichment effect, relative numbers of blue or white
colonies against the number of blue colonies obtained with
p66-2272 were calculated and are shown in Fig. 2B. When
the D'T-A cassette was added to p66-2272 (pMC1-DTA), the
number of white colonies was significantly reduced to
almost half (vector no. 2), indicating that negative selection
of the DT-A was effective. However, since the number of
blue colonies was also slightly reduced, the percentages of
blue colonies did not change significantly, but were higher
than in p66-2272. With the use of the PGK-nco-pA, both
the number of blue and while colonies increased, but no
significant changes of frequency compared to pMC1-DTA
observed (vector no. 3).With the use of PGK-pac-pA, the
RMCE frequency increased to 30-50% (vector no. 4). Inter-
estingly, with pPac-DTA-66 plasmid, the numbers of blue
colonies (targeted integration) were significantly increased
in all lines, whereas the numbers of white colonies (random
integration) were unchanged (vector no. 5). This indicates
that smaller DNA molecule can access more easily to chro-
mosomal target lox sites.

In order to analyze integration patterns, T1-5F2-7 and
71-5F2-10 colonies were picked from cells electroporated
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Fig. 2. (A) Frequeney of RMCE.
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Twenty  micrograms of each
replacement  plasmid and the
Cre-expressing vector were

co-electroporated, and after drug
selection for 7 days, colonies were
stained with X-gal, and the percen-
tage of positive colonies was scored
as the frequency of RMCE. Numbers
under the graph indicate the target-
ing vector used in each electropora-
tioo. 1, p6A-2272; 2, pMC1-DTA; 3,
pPGK-DTA; 4, pPac-DTA, 5, pPac-
DTA-66. The means = SD of at
least four independent electropora-
ticns are represented. All cell lines

N N SN B R R BN RS N
show significant differences at P <
Vector 1 2 3 4 5 12345 12345 t2345 0.01 by ANOVA analysis. Statistical
Cell Line 5F2.F 5F2.10 5F2-23 5F2-26 significances among vectors were

B

Relative Colony Number

further analyzed by the SNK test.
a, P < 0.01 compared to all other
vectors; b, P < 0.01 compared to
vector 1, 2 and 5 and P < 0.05
compared to vector 3; ¢, P < 0.01
compared to vector 1, 3 and 5 and
P < 0.05 compared to vector 2; 4,
P < 0.01 compared to the indicated
vector; e, P < 0.05 compared to the
indicated vector. (B) Relative Blue
(solid bars) or white (gray bars)
colony numbers. The number of

blue  colonies  obtaiced  with
p66-2272 arbitrarily set at 1.
Vector 1 2 3 45 123405 12345 12345
Cell Line 5F2-7 5F2-10 5F2-23 5F2-26
Table 2. Genomic DNA analysis of isolated subelones by PCR.
- . "~ . mining (G PCR pimers
Cell line Total no. of clones analyzed X-Gal staining (%) ACILZUS3 Ty AGFRT-AS DTALDTAS
71-5F2-7 18 Blue 8 (44) 8 0 ND 0
White 10 (56) 0 5 5 2
71-5¥2-10 23 Blue 14 (61) 14 0 ND 0
White 9 (39) 0 8 3 0

Subclones obtained after coeleetroporation with pPac-DTA-66 and pCAGGS-Cre were picked and expanded for genomic DNA preparation
and PCR aoalysis. Part of each clone was stained with X-gal, and the number of blue or white clones is represented. PCR analyses were
performed with the indicated primers (see Fig. 1), and among the each blue or white clones, the number of clones showed a band of expected

size is represented. ND, not dene.

with pPac-DTA-66 and pCAGGS-Cre, genomic DNAs were
prepared, and PCR analysis was performed. As shown in
Fig. 1A, the 5-junction of the recombination can be ampli-
fied using the primers AG2 and LZUS3, and all blue clones
gave a band of the expected size (Table 2, data of electro-
phoresis not shown). Then, the presence of the bsr gene,
which should be removed through RMCE, was examined
with the primers bsr-1 and bsr-2. All blue clones were
negative for the bsr gene detecting PCR, however, only
11 clones cut of 19 white clones retained the bsr gene,
unexpectedly. Since it is reported that /ox511 can be recom-
bined with loxP or lox71 (9), PCR analysis with AG2 and
FRT-AS primers was performed to detect recombination
between lox71 and lox511. The 8 clones that did not
carry the bsr gene exhibited a 201-bp band. We cloned

the product into the T-vector and confirmed that the
sequence corresponded to the recombination product
{oxT1 and lox511. The spacer sequence of the lox site in
the recombined product was the wild-type sequence (data
not shown). The DT-A gene was detected in only 2 clones by
PCR, indicating successful negative selection. Since the
amplified region was the inside of the ORF, the promoter
or pA signal might be deleted in these 2 clones.

DISCUSSION

We have shown here that the combined usage of negative
selection of the DT-A gene, positive selection of the Pac
gene and the third lox site for intra-molecular recombina-
tion efficiently enriched RMCE events. The enrichment
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effect was more apparent in the ‘lower
recombination-frequency clones, and we could obtain a fre-
quency of 50% and more, which is high enough for the
practical use of RMCE.

We could enrich RMCE event through two strategies,
one is the use of the DT-A negative selection marker
gene and the other is the change of positive selection
marker gene. The usefulness of the DT-A gene which
reduce random integration has been already reported in
gene targeting (21), however, enrichment effect in gene
targeting frequency by changing selection marker has
not been clearly observed. In comparing two plasmids
having the same promoter, pPac-DTA (Pgk-Pac) and
pPGK-DTA (Pgk-neo), the number of white colonies was
reduced to almost half, probably due to the difference of
colony formation efficiency of the pac and neo gene. On the
other hand, in comparison between pMC1-DTA (MC1-neo)
and pPac-DTA (Pgk-pac), there is no statistical difference
in number of white colonies or blue colonies, except of blue
colonies in 71-5F2-26, nevertheless, the RMCE frequency
showed statistical difference in the all lines used in this
experiment. Why the use of the Pgk-pac cassete resulited in
higher RMCE frequency? We speculate that the difference
of time course in G418 and puromyein selection might be
the cause of the enrichment effect. Puromyecin kills almost
all sensitive cells within 24hrs, whereas G418 takes
2--3 days. The quick elimination of non-transfected cells
might result in reduction of spontaneously drug-resistant
colonies. ]

In addition to reduction of random integration, we could
increase recombination efficiency itself by adding the third
lox site to induce intra-molecular recombination, which
results in 33% of size reduction of targeting DNA molecule
by removal of the plasmid vector sequence. Interestingly,
the numbers of blue colonies with pPac-DTA-1ox66 plasmid
were 1.5-1.7 times higher than those with pPac-DTA
plasmid, thus, the RMCE efficiencies increase approxi-
mately in inverse proportion with the size of targeting
DNA molecule. This indicates that the probability of
encounter of chromosomal lox site and targeting plasmid
depends on physical mobility of DNA molecule. In the
higher-recombination efficiency clone 71-5F2-23, the chro-
mosomal configuration around Jox sites is considered to be
open, therefore, they always show high efficiency even
when the molecular weight of targeting vector is relatively
large. On the other hand, in the lower-recombination effi-
ciency clone 71-5F2-26, the chromosomal configuration
around lox sites is considered to be close, therefore, reduc-
tion of the molecular weight of targeting DNA is quite
effective to increase RMCE frequency by improving acces-
sibility to chromosomal target [ox sites. Our results predict
that RMCE using large molecular weight plasmid, ex.
bacterial artificial chromosome, may show low frequency.

The advantage of RMCE using our strategy is the
minimum requirement of the chromosomal target struc-
ture, ie., only two heterospecific lox sites, and wide and
easy application to gene targeting or gene trapping vectors.
Thus, our enrichment strategy for RMCE will be a
powerful tool in genetic manipulation in ES cells.
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Vi BHERIE DGR

Wh, Efz, EXRAKRF~ MMEHILK-THELUILEELZSHBIE
B KEAEHRPHEBEORESHEIhTHEY Y, BE
EAFRZAFRFR— MIBAOBHRED A 5T, BEEASELE
oFEBEIH UTMNUC S EBHICBEEIhTH B, 0L UIE
IR ERBEIMLT 3 2 L2855 &, RELUREICEE 2
HoTHDELTHEHEASN TN S,

7 RANKL/RANK/OPG %12 & 2 B R IXERER

IOXIRFIOPT, FrlLa st P MIESO I EEEDRH
BHMBEAT R, WEHMRBREBRRE>HE L 2M—DHETS
D, ORI ENEEGEEER L LTRYTHE LR, B
R THEA SN T 3 BREERRED 3 & A EHERIUNHEH
THBIEMSLHMTH 5, WBHTERIMHALE LTE, O
WANBIHEH N REETE0AL ST, @MBOA L AT
H-&0LTEY (D HEEPEICK > THRPEOITHEET
%), @EEYHBOBRBIEDSNANNIE, TLTONE~E
HE (oMlE) BEMCERTIRENERNTHL I LMNFEN
B, BB OTR, @EFRIA ORI ERTRETH 5,

1990 ERBHIC L » THEMBEHEC BT FEYFENT
To—FREEEE L, EEmEoSL - BB BP0
HGFR L 7 F SRR O PN IIRENICEATE L, PTH
1998 £ RANKL (receptor activator of nuclear factor-xB ligand)
ORI, FhUBOBRBEIIRELA V37 b EHALY,
RANKL (7638, B T Al REFE S h, Bk EHEL,
kFEEOHEEBEFELTRES W EEERRT (TNF ! tu-
mor necrosis factor) ZA—/¥—7 7 3 ) =[BT 5 HEHEESEY 1 b
HA Vv TH B, TOROWEILL-T, BFHEPEMR o—=
MIC BT HENEE S 2 v D, BIERERILVE Y (PTH ! para-
thyroid hormone), 7R R & 7SIV, HEERY A A1 5L
oM X » T RANKL ORBERFE S, WEAIRAL - EEL
BN THLHAEEERCT I EMHShIcEN I, RANKL &
<707y — VHOWMBMBICELT 2 2EK RANK LH&T 5
LIk DB DOMEAFET B, Fic, RANK T LT

286

4. HLORKBEE  ® 5 RANKL Fifk

EHRIESY I v Ds
AR RLE L RE HE.<snT -

=0

—(C RANKL
- RANK

OPG

.
&

/
N

wEmp  NEER

1 BRSO - EMICST B RANKL-RANK B iE 2
OPG - osteoprotegerin, RANKL : receptor activator of nuclear
factor-x£B ligand

EHALE Y 2 v D &I E » THFEMIEL BBl iy
SNI-RANKL 2 & - T, BEIEOSE - iEbAsEl s h 5,

HIICRANKL & & T 3 HURFARFAToF Y=y v
(OPG : osteoprotegerin) &, WAICHEMIAS L2 Ed 2 E0
WisA v ey —TH3 (81),

B % 73 in vitro, in vivo DIEMT I 5, RANKL-RANK &M & H o
THEMREME « BRI S EREERTH B T ENWH oM
I o fce Invino 2B WTR, MEBRZRMEE <oy »—Uan
= —#EEF (M-CSF : macrophage colony-stimulating factor)
BELU RANKL OFET THRT 2 &, WHHA~ND S {LngE s
N5 EMFRHEINI, £ RANKL, 30 ERANK D/ v 7
T hTT R, £UTOPG OBFAEH Y AEBEROET, K
HABRBOREBEEL, FIKOPGD /) vy 779 be 2z,
RANKL O#HHR <~ 2 TEBMEMEIHME - BHATES £ 58
BBPERTY, Zh o DRI, RANKL-RANK %25 % b Tl
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W B R D

BB MIaSt  EREb bbb T3 L, THbE
RANKI A3 1980 4E£L 12 Rodan, Martin 50 & -» THRBEIH TH
7o, [BFMBOEET 2B EHMBESLEFIZ0bDTHE I L%
RULTWBY, Hil, Riges > XABEBHBELCETIEHETO
mEMmia, THla, U CBMMEREO RANKL #EATEL T
WBZE, ThADBIZ oS VBB L->TETT22&2Ho M
KLTHEY, Shid RANKL OFRBEHREIC B 2 EE L 2R
We AERETHE,

(T RANKL-RANK %% 4 —4w MU= BHREE RS

IS DEBHWEEZ T, RANKL-RANK %% 4 % v b
WK LRBBEOMRENEE Yy FTHATHWS, ZORFEKE LT
BB|IOLHIUT To—FhRELEONTNE, 20 b bERG
BOEATH SO Fe-OPG B L UTL RANKL il TH %,

OPGHTNFZH4KT 7> 3V —ICBT3M o730 —L8E
wh, BEBRNAAS V2L, ABAMS V0 EUTHEET %,
OPG i3 RANKL &#R#ICHEE LU, RANKL-RANK 04 % HE
T3 &Ik - THEEMas L - EEALEHRT 5, CDLHUE

1 ¥ RANKL B#E

OPG, Fc-OPG

RANK-Fe

Anti-RANKL monoclonal antibody (denosumab)
OPG-like peptidemimetics (OP3-4)

RANKL vaccine

Interferon-8, 7

p38 inhibitor (SB203580, FR167653)

JNK inhibitor (SP600125)

IKK inhibitor (NBD peptide)

NF-«B inhibitor (NF-£B decoy)

Calcineurin inhibitor (cyclosporin A, FK506)
NFAT inhibitor (VIVIT peptide)

PI3K inhibitor (wortmannin, LY290442)

288

4. HULWEHE @ I RANKL #ilk

Fn S OPG OBERMMEBE~OBRBELAMHHFENTED,
BIERICBOTERY I EF LV FOPG & LRI L, F T Y
v Pl OPG L OB E Y v/ 05, HB5WETFI 942
ZROOPG RBUC L » T, IEEHIC X 3 BHEE Bfigic
SR, WARCLZERN, BABEBICLIBREL SO
RIS ERESIHI I N2 C EBREIN T S, Amgenttiz U 3
YEF U b Fe-OPGRE Y /30 RIERL L, MR GEHEEREIC
KT BIEFNRERET L, MRS T Fe-OPG MRS
BEBEOBRN - — 2@ X3 EE5RELL Y 54, B
FEWBHIES L OAMBABEBREICTHT 5 Fe-OPG R EOEKDF
ETHE, EARZRAKRR—-—DPID125TH 553 Fux— b :R%0E
T~ —A— K TEREE T2 2 EMBEIN TS,

TR Amgen #D 7 )L— 76, RANKL kx4 2584

FlE ) 70— UEE (AMG162, denosumab) ORFEMRES

172, 2005 FEOKEERBFFEL T, denosumab IL & -» THIE
£ % chimeric RANKL #% knock-in L72% % X % 8T, deno-
sumab {Z Fc-OPG ICHNT S L BN BERELRIERAET 5
Z EMMEE I N, Clinical trial I2EB W T4, denosumab i&—FF
OETHREIL » THRBRBERREOKEIZBOLTHEIA L VS E
WEiC b7 » TERBBEARTEE2 I L@t shTns (B
2) % 2005 FDREY Ve FEETHHREEHBEREEHE
K LUABTHEARICBNT, PEIC—EO denosumab H5MHEE
EHIMER =B T2 2 &BMESh (E2),

Fe-OPG, denosumab WM &FRIMFIEH 2B T2 &0 D A
TERFRFRAZ— b ERUCBERIENGHICET S EEL SN 58,
BIBREEC &4, denosumab 27 L v Kok — b TRESN LA S
BEMNHOBEEZEMEEE &, 1o 1 FNLEHORFE
T, KEBHMEASBOI EMRESATED, ChETOER
IR ER 2B 3 2 EEM D S B,

OPG A2 IIH RANKLFAOMBEED 1 & LT, HERIC
T AIERMNS I SN 5E, RANKL MEMAL U2 THIFICSE L,
BRMBOEGEAEET ST &, RANKL®RANK / v 77w b=
U RATIERIE Y B0 RIEERYT &7 &S, RANKL-RANK
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b

100 +

80 -

60 -

vt (nmol BCE/mmol)

40 1

20 1

RENTX /7T F

0 1 2 3 4 5 6
BH5HAN
2 BREBHABREEEICHITS denosumab BEDBRIRT —
h—I3d DR

itz L7354, 0:0.00 mg/kg, [1:0.03 mg/kg, A:0.1mg/kg,
¥ :0.3mg/kg, ©:1.0mg/kg, * :3.0mg/kg

NTX : [ #as—4 EEEN- 7aX7TF K

denosumab BZFiESHIC & » TR NTX OETHED SN/,
LRk 10 & b ez

ROREBECHT B REIRBEA TS, JhE TOBKIE
i Fc-OPG, #i RANKL fifs# 5 8H B W TREREORENR
P, SHRLBEITNESBETHELELELLNG, £, Tho
OBy VN2 WRITH B, PRk OBEELEThICLS
endogenous 72 ¥ /37 OEEEBESAIR S L B, REI Fe-OPG
BEBECBNTRECHRAOEENRES N TED, EEEZET
L5HETH b,

S THEHREOHRBEEMEE LT, i RANKLIUK, 5500
OPG % B o iAHEE O ARER A HA Ulc, BEAR TR Zh o OFHA
BERTE TR T HEERRTOBRE TR S 5, EOSHEE
DR - BRI OERIIEEE L, OPG, # RANKL il &
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4. FHLBEE
@ # L () SERM

IXbarrdE, AR, FEALOHBTESRAYESREL
T, LEh-T, FIRBRBICRIA e Y v RECLZEERE
BEMADPFISRBI&hE, 22Tz bay EHORSEHE
L, BELHEOAEERT 2LEMOMBSEINICTbh TS
foo EDEIVHMRERETE 2 —HoLEWIC, BRHTA bo
7 2 BRI H] (SERM ! selective estrogen receptor modulator)
BHO, BHRFRMIIZ boy UBOMERERLEY, Lz b
o AEFERET S, SERM B bar v EdBE Y 2Far
FEKE T, BREEMLOEI1 0L I4EHIhTHEY, &
7o, BT X fos o EETER O NSNS, BYE, EEC
TN T35 SERM I3 BHBIEREEDS o+ v 7 2 v &M
ALBIGE S DI EF VT2 URBD, S50 DDA M
BREBROEEICH 5,

(0 SERM D¥ER A h=X A

SERM ASHEGEREPCIL G OERLRTIOE, VH Y N5
FHREGHROBEZMICHERT A LBEETRBPINTLAY, =
ZbaFrlZBNATOA FEBE LRI ET, YH R .
ZEREEERONAEBERIIX buy v EENEET 3184 LB
b, ENENOMBIBOTHEARRCLELESRERTF (e
KF : co-activator, #IHIEF : co-repressor) & DEESHMELL,
ZORELEERBRRT & OHEIERD, BRI B
BIloUMNBEELZLNT IS, LEAFFERBEBAKTLT
3, IIEROSERM TS 372X 7 2 VB ZDOBRELET O
LT, HriERSERM O T 0 F v 7« viIZEHREICEE AL FIF &
B EMMoh T3, F/, SERM O HBEHRIRN 5 2 m5h 8
K2 bad o Z2F5RaBBIORRAEN L, BEREHENDL S
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-1 AAy7LAHERVEY E L TCOFEEEESY S D

I-1 AV TLESGRILEELTOEHEESZ4ID
2) B LUENRESEICHEYT 31EH

S ES3I2 D ORHE

{BREVINBOBEBROEE, Z LTI OEERL HERH ORI E» LS
NTw»kY, B3y DRI BHRETFELTHRASNEIEARE Y 2 vTh2h, i
BYICREEDT 7F /94 MEREIWCKBRICHFET 2 7uEy s D7-FeFralL
AT 1 — V) YRR (R 290~315 nm OHFFEREINE) EHIck>T o E 102D
MU IEBERN R BREIGE L CRRER T VEY S D i, Zndsh ek an
TEZ IV D %2, EYHSBONZEY I DIRESY IV D, THBH, B
NTHERINEDDETARNTEY I v D, ZTH S, RNTEEIN:, HB0IEEYD
TSI E NS T Y D, T 25 G008, BT la BAKEMEE D & L IC k5 TiE
HERTH B 1a25-PE FuF £y 3 v Dy (1a,25(0H),D,) &2 %, MBI 2 25
FLDARBMICIZS Pary FY 7RIBICHELET 2 CYP27AL 2’5 T3 LEZ o nTw 3
S, CYP27 BIZFD/ v 777 eI ATIEESY v D RBENCEFIIAD ONT, S
&b 25 fiAKBLD TR ZHOFETII RV E S THBY, CYP27AL DSz s say —
LEDCFIET % CYP2D25 & %\ 13 F b 7 0 — 4 P450 CYP2R1 7% 25 /KER{VEBESE 54l
ELTET SN T B, BT CYP2RI BT OAREMRIZRIC X - T 25(0H)D, RiE% 3k
L7 G S TR D, €2 32 DD 25 fkEEic BT % CYP2R1 OEEMNEH
XNTwBY, 5B v 7T e AL EIC L BHBESELND,

25(0H)D; Wk a, 70 7)) VHEIDICEET 5 E4 2 D ##E&%EH (vitamin D-binding pro-
tein: DBP) 1A L Ciliiff 2 @ik x 15, BlETIE DBP IC#& L 72 25(0H) Dy 2%E07IR
B ICHEET 2 REARZERTH B X HY VICHAE L THIRNICEDAEh, 3o
¥ FU 7T CYP27BL IZ & o T la fiavkKEgfh 3, 1SHER O 10,25(0H),D; DSEE X
B, ANV VYRERTIR, HEVIEERENGAL) Y/ v I T7 7P ATEEY v
D REZML BHFBEOHRELZRT LS, EY Iy DRENCEB T2 AHY O EEE)
HEREINTWVBY, X5 24 L ERARMTE 2 WS OMMTIE, DBP IKf& L
TwiWwE Sy 3 v D RBEYOASHIEMICE D IAFN %, CYP27B1 DFH L ~)LIFE
ENRME CROEWVDY, E b7 7F /H A bRev A2 /07 7 —JIlBWLTHEVLH
BHLALVE2EDSB,

la /KB LEESRIE I IF 10,25(0H),D; PRIFKIR A LE Y (PTH) 2 LD LT85 X
FRFANVEY, YA PAA VKo THEBCHBI SN TED, ©¥ ¥ D ZEM (vitamin
D receptor: VDR) / v 7 77 b= 7 A TIHEWIEEEZR T, BETIEENEEBTFE LT3
H &7z Klotho 7% La KEBLEERIZM 2 QG T3 Z LS k> Tw3aY, EX
SV DIREMEL BRI BESE T b CYP27B] B TICERNRH 2 7-DICBEICEIT 3
10,25(0H) Dy FEAEICEERR T L, CYP27BI /v 777 b= ATIEL BI/ICAR B 2
£ 5, CYP27BL 23 % 2 D @ la/KBhicB W THRENREE 2842 L2 »
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I EHERESY I DOF~DOEH

7-FeRaaLZFo-—-Jb (KiE)
chig RERIHR

23D, P

25 IKER{bEEEE

DBP -E££32 Dy (CYP27A1, CYP2R1)

DBP-25(OH) D

B B

DBP-25(
1a7KBE{LEEZE (CYP27B1)| | 247KBER{LES3E (CYP24)

free 10,25 (OH) ,D
% &, \2 3

v / !

calcitroic acid

DBP-1 a’,25 (OH) 2D3

1 EZ3X2 D, OREERE TORMEY
(3@t 1 & ¥ EZE)

127 o T B BIBRZEY Z ki, CYP27B1 R R8T % { 3913 10,25(0H),D,
BEIZL>TULRAF2—3NBY, AL TL -BIY B3 Z7r—280L AFa2—
B)TIRBOBREVPZEEICEEBE L2V EREINT WS,

— 15T, BgiciE 24 KEBLEE R TH B CYP24 BEFEL, 24 MoK Eg{bEHH Z £
EoTEZ Iy DDA RY XLICEELREE R R, CYP24 DFEBIL 10,25(0H),D;
ko THEICHESI SN TEY, CYP24 /v 777 b= A% 1a,25(0H),D; 51 k-
TEZBIEY IV DBREIC L 3EREEZET Y, M113EY v D, oREFEKE £ &
HI2bDTH B,

10,25(0H) Dy I3FFEMN R NZEAETH S VDR IHEES L TR HRET 5, ZoEE
WL o TVDRIEFAF Iy 7 =RITBEDEMEZRL, 9-VALF /A VBBEFEET
BLF 74 FXEEFERIR) E~T R ZEBEZZR L C, EEF0 v E—% —EiIcHF
ET2ES 32 DIDERII(VDRE) ICHET A I EICE>T, S £ FE% 10,25(0H),D;
WEEDOBEFHARLFET S, VDR FEREBE- 7 ACB LTI E CRIEFICRET
208, BEFLA(3EE) L Y REBENHS IR, £ 5 BEHD S ER L ABERE
T RERETRADLBABEEAILIIL, BV VAEBILES>TLAF2—3ND
2, b ) =D TH 2 EHOPRMERKRIEEL 2\, ZOBREIEFNPEYI DD
BELEEENERTHL 2R LTV,

VDR %417 % #EREFIR (genomic action & ML %) DIAMC, BRICEET3ZEEZNL
7-EFIERE, bW 5 non-genomic action VSTFET 2 Z & BSLLRID SIME I LTV B 73,
FOEMNERIZRIZICHS TR v,
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I-1 DALY AHEEGRLEYE L TOESERESY D

i
10,25 (OH) ;D5
T AATP
Ca2+
FIVE LT 12 Dy ADP PN LR T
transcellular pathway
> @

paracellular pathway

2 MNBIEBURZANITLEEOA DX LEESZI L D OES
3Tk 1 & V) EE)

& EMRE 2 32 D OERNFES

1) /NG

BB D & DAy LARINEE I E CIBICEE > 2205 >+ 238 & > Tw 573, VDR 3
BHiz+2HETEL% <, 1a,25(0H),Dy i3 7 MRINGER{IEET 2, AL LK
INHERF & L Cl3 paracellular pathway, transcellular pathway 237FE T % Z & 2SH1 6 41T
%, paracellular pathway 128\ TR AL A5 EEHIIED tight junction % 38> THRIN X
#1, transcellular pathway Tl LRI % @M L TN Z 7115, transcellular pathway IZ
BTG D apical side (il FEED ICEET 20027 L F % 2L (CaTl & 5 ik
TRPVE) B L EED ALY LF v 2NV (ECaCl %\ id TRPVSIC L B H LT 7 LD
BOAARI, e v T4 i &k B HIBEAERES, 2 L CREBEf»SOH Ly T LRy T
(Ca-ATPase, PMCA1LD) i< X 2 HEH 2 A L TITh 1 519 (R 2) 354, ALy 7 ARIUSE LS
ZEY IV D OBEEN VDR /v 7 77 b B WTEMICBIT X vz, B R
TEEENZ /v 777 e ARBOTZORAMIISVRL D, TRTHET S
FHEME LTHHEBIC BT 3 CaTl, ECaCl VLV OETHRED snW, —F/ v 7
T he U A LER Y AMT Ca-ATPase DREIICEIRD SN o7z, MlLEORER
i, EZ IV DOEELTHALY Y ARADHEE 24 L TAHLT Y AFINZHIFEL T3
ZEERRLTNnE,

2) &

FIZ bRz kS, BliEE 10,25(0H),D, BEEB L ALY 7 A QFRIICE »TH
D% E % B, VDR KB 7 2B W CEERMRME IS BT 3 )Ly 7 AHRIN
WCEENHD, ZOLDIRFOHILT Y LPEEITHEL, EAHL Y AMEICRS I E
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