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Eul4*”. As the expression patterns of Etl4“” are quite
similar to those in Sk mice and as Etl4*? mice have
similar kinks in the tail region (ZACHGO el al. 1998), the
lacZ gene in the enhancer trap vector may be expressed
under the control of this possible node/notochord en-
hancer. ZACHGO ¢ al. (1998) reported that the £tl4"”locus
is localized ~0.75 cM distal to Sd and that the Sd phe-
notype is attenuated when Etl4"*is present in cis. These
results suggest that the possible enhancer sequence in
the fourth intron of the Skt gene functions also as the
enhancer for the Sd gene and that the insertion of an
enhancer trap vector in the third intron, as found in the
Eil4*?ine, may eliminate the enhancer function for the
Sdgene, resulting in the attenuation of the Sd phenotype.

Fumure study on the functions of the Skt and Sd pro-
teins may provide important clues for understanding the
mechanisms for the development of notochordal cells
and their differentiation into the nucleus pulposus cells.
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Abstract

Importin B1 (Impf)/karyopherin Bl (Kpnbl) mediates the nuclear import of a large variety of substrates. This study aimed to inves-
tigate the requirement for the Kpnbl gene in mouse development, using a gene trap line, B6-CB-Ayu81087¢*™E% ( 4y18108%), in which
the trap vector was inserted into the promoter region of the Kpnbl gene, but in reverse orientation of the Kpnbl gene. 4 Y8108 e
homozygous embryos could develop to the blastocyst stage, but died before embryonic day 5.5, and expression of the Kpnb/ gene in
homozygous blastocysts was undetectable. We also replaced the figeo gene with ImppB ¢cDNA through Cre-mediated recombination to
rescue Impp expression. Homozygous mice for the rescued allele Ayu8108™"# ¥ were born and developed normally. These results dem-
onstrated that the cause of post-implantation lethality of Ayu8l08%”*** homozygous embryos was impaired expression of the Kpnbl
gene, indicating indispensable roles of Impf1 in early development of mice.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Importin Bl1; Gene trap; Cre/lox site-specific recombination; Embryonic lethal

Active nuclear import of proteins is a highly selective
process involving specific recognitions between nuclear
localization signals (NLS) and suitable receptors [1].
Importin/karyopherin 81 (Impp) is a key player in nucle-
ar protein import and mediates targeting of a canonical
NLS substrate bound to an adaptor protein, importina
[2,3]. On the nuclear membrane, Impf interacts with
nuclear envelope-localized nuclear pore complexes
(NPCs) and carries the importino/cargo complex from
the cytoplasm into the cell nucleus. In the nucleus,

“ Corresponding author. Fax: +81 96 373 6599.
E-mail address: arakimi@gpo.kumamoto-u.ac.jp (K. Araki).
! Present address: Kumamoto University Hospital, 1-1-1 Honjo,
Kumamoto 860-8556, Japan.

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2005.12.151

RanGTP, which exists predominantly in the nucleus,
binds to Impf and induces the release of import cargoes.
Thereafter, individual importins are recycled back to the
cytoplasm. Thus, Impf is a critical component in mech-
anisms Involved in targeting of the NLS substrate into
the nucleus [4-6].

In addition to nuclear transport, Impp has also been
shown to play a role in regulation of spindle formation
and of aster promoting activity (APA) during mitosis {7
101. Two microtubule organizing components, NuMA
and TPX2, which are retained in the nucleus during inter-
phase, bind to Impf via importine during mitosis and are
kept away from chromatin. RanGTP releases NuMA and
TPX2 from importin «/B heterodimer around chromo-
somes and promotes spindle formation.
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ImpP is the prototype of the karyopherin family includ-
ing more than 20 members in mammals [11]. Ten of these
members have been identified to have a role in nuclear
import. In general, such importinf family proteins function
without the need of an adaptor protein and can directly
interact with their substrates. To the best of our knowl-
edge, only Impp requires an adaptor, importing, to bind
to its cognate cargoes. )

Extensive studies using cultured cells have clarified
molecular mechanisms of nuclear transport. However,
roles and functional redundancy of Impf family members
in vivo have been poorly studied. In Drosophila, Impf
mutant strains (Ketel mutations) have been isolated and
analyzed [12~14]. Homozygous larvae for the loss-of-func-
tion Ketel allele die during the second larval instar, but on
the other hand, homozygous somatic clones induced by
mitotic recombination are viable in the follicle epithelium
in wings and tergites. Since the Ketel gene is not expressed
in larval and adult cells that are mitotically inactive, anoth-
er import pathway might substitute for the function of
ImpB in Drosophila.

In order to identify the requirement for the importin/
karyopherinffl (Kpnbl) gene in mouse development, we
analyzed a Kpnbl mutant mouse line established by gene
trapping [15] The trap vector was inserted in the promoter
region of the Kpnbl gene in the reverse orientation of the
transcription of the Kpnbl gene, and expression of the
Kpnbl gene from the mutated allele was severely decreased.
Homozygous embryos could develop to the blastocyst
stage, but died before embryonic day (E) 5.5, indicating
that Impp1 played an indispensable role in early develop-
ment of mice.

Materials and methods

Isolation of ES clones and establishment of mutant mouse lines. The
gene trap vector pU-hachi and isolation of trap clones were described
previously {15} The vector contained a splice acceptor region (SA) from
the mouse En-2 gene, lox71, the internal ribosomal entry site (IRES)
from the encephalomyocarditis virus (ECMV), the f-galactosidase/neo-
mysin phosphotransferase fusion gene (figeo), loxP, the SV40 polyade-
nylation sequence (pA), and pUCI19 (Fig. 1A). In order to replace the
fgeo gene with the ImpPB c¢DNA sequence, a replacement vector car-
rying lox66-Impf c¢DNA-phosphoglycerate kinase 1 (PGK)-puromycin
resistant (Pac) gene-loxP-pSP73 was constructed. Site-specific integra-
tion in trap clones mediated by Cre-recombinase was performed as
described previously [15]. Chimeric mice were produced by aggregation
of ES cells with eight-cell embryos of ICR mice (Nippon Clea, Tokyo,
Japan), as described previously [16]. Chimeric male mice and their
heterozygous progeny were backcrossed for five to eight generations to
a C57BL/6J background.

Molecular cloning of flanking genomic region by plasmid rescue. Plasmid
rescue was performed as described previously [15]. Genomic DNA of
Ayu8108 ES cells was digested with PstI or Sphi, followed by self-ligation,
and introduction into Escherichia coli cells by electroporation. The
recovered plasmids were mapped by restriction enzymes and sequenced
using the dideoxy chain termination method using a BigDye Terminator
Cycle Sequencing (Perkin-Elmer, Foster City, CA).

Genotyping of mice. Genomic DNA was isolated by proteinase K
digestion, phenol-chloroform extraction, and ethanol precipitation from
tail biopsies of newborn, E10.5 embryos, and E7.5 embryos.

A Joxth lox®P

En2-SA
B 2.2 kb
%5255
Sp N N P
Wild aliele - ! !
! P82 3-probe
T
exd3 ex2 K

‘%Kpnbf transcriptiofd ATG X

Nc17i§§8
£ N
i "

P

P3/P4

M13-R/P4

Fig. 1. Gene trap events in the Ayu8108 clone. (A) Structure of the trap
vector, pU-hachi. The pU-hachi vector contains an IRES-Bgeo-pA
cassette flanked by /lox7! and /oxP to exchange the Bgeo cassette into
any DNA sequence through recombination by Cre. En2, the mouse
Engrailed 2 gene; SA, splice acceptor; pA, polyadenylation signal. (B)
Integration pattern of the trap vector. Open boxes on the maps represent
the first three exons of the Kpnhl gene. The trap vector was inserted
174 bp upstream from the first exon. The start codon and direction of
transcription of the Kpnbl gene are indicated. The solid bar with
“3'.probe” shows the probe used in Southern blotting for genotyping.
Arrowheads indicate primers used for genotyping and RT-PCR. N, Neol;
Sp, Sphl; P, PstL. (C) Genotyping by PCR. The primer pairs neo-F/neo-R
and P1/P2 were used to detect the Ayu8l08%“ and wild-type alleles,
respectively.

For newborn mice and E10.5 embryos, Southern blot analysis was
carried out. Seven micrograms of genomic DNA was digested with an
appropriate enzyme, electrophoresed on 1% agarose gel, and blotted onto
4 nylon membrane (Roche Molecular Biochemicals, Mannheim, Germa-
ny). Probe preparation and hybridization were performed with the DIG
DNA Labeling and Detection Kit (Roche).

For E7.5 embryos, PCR analysis was carried out. To identify the
mutant allele, the primers neo-F (5'-AGAGGCTATTCGGCTATGAC-
3"} and neo-R (5'-CACCATGATATTCGGCAAGC-3) were used. PCR
conditions were 30 cycles of 94 °C for 30s, 58 °C for 30's, and 72 °C for
60s, using 0.5 U AmpliTag DNA polymerase (Roche). To identify the
wild allele, the primers Pl (5-ATTGGCCGGACGGCTAGCGT-3') and
P2 (5-GCTGAGCCCGAAGGCCTTTA-Y) were used. PCR conditions
were 30 cycles of 94 °C for 30's, 58 °C for 60 s, and 72 °C for 60 s, using
0.5 U LA Tog DNA polymerase (TaKaRa, Shiga, Japan).

For blastocysts and cultured embryos, individual embryos were lysed
for 5min in 2 pl of 0.005% SDS, 0.035 N NaOH, at 100 °C. After neu-
tralization by adding 36 pl water, PCR was carried out using 5 pl of the
extract. Primer pairs M13-R (§-AGGAAACAGCTATGACCATGA-3')
and P3(5-GGTCACCACAAGCCCATTCA-3'), P3 and P4 (5'-GAAC
TCCTCGCTTCAGTTCT-3') were used to identify mutant and wild
alleles, respectively. PCR conditions were 40 cycles of 94 °C for 30s,
62°C for 30s, and 72°C for 30s, using 0.5U LA Tag polymerase
(TaKaRa).

Quantitative analysis of expression of the Kpnbl gene. Ten micrograms
total RNA was reverse-transcribed using Superscript II (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. Real-time
quantitative reverse-transcription polymerase chain reaction (RT-PCR)
was performed with a LightCycler instrument, using Faststart DNA

—-362-



134 K Miura et al. | Biochemical and Biophysical Research Communications 341 (2006) 132-138

Master SYBR Green I Kit (Roche). PCRs were performed using Bl (5'-
TAACCATCCTCGAGAAGACC-3) and B2 (§-ATCCCCTGGATT
ATGGCAGT-3') primers, and 40cycles of 95 °C for 30 s, 60 °C for 305,
and 72 °C for 30s.

Isolation and in vitro culture of blastocysts. Heterozygous female mice
were superovulated and mated with heterozygous male mice, and 2-cell
stage embryos were isolated and cultured in KSOM {17] medium for 2
days to the blastocyst stage. Individual blastocysts were transferred to
single wells coated with gelatin in 15% FCS-DMEM. Plates were incu-
bated and kept in a humid chamber at 37 °C, 5% CO, for 3 days.

Histological analysis of ES.5 embryos. Heterozygous and wild-type
females were superovulated and mated with heterozygous males. Fertilized
eggs were collected from the oviducts and transferred to foster mothers on
the same day. Decidual swellings containing E5.5 embryos were dissected,
fixed in 4% paraformaldehyde solution, and sectioned. Serial sections were
stained with hematoxylin and eosin (H/E), and observed under a
microscope.

RT-PCR analyses. Total RNA was isolated from individual blastocysts
using the RNeasy Mini Kit (Qiagen, Valencia, CA) and suspended in 30 ul
water. First-strand cDNA was synthesized using 9 ul RNA solution with
oligo(dT) primers in a ThermoScript RT-PCR System (Invitrogen,
Carlsbad, CA). One-twentieth volume of the first-strand reaction was used
for PCR amplification. Expressions of the figeo and Kpnbl genes were
detected using primers neo-F and neo-R, and primers B3 (§'-CTCTTCA
GAATGTTCTCCGG-3') and B4 (5'-GATCTCCGCCCTTCAGTTAA-3'),
respectively. Pericentriolar material-1 (PCM1) was used as internal posi-
tive control. Primers for PCM1 were 5-GCGTTACCCAACTT AATC-3
and 5'-TGTGAGCGAGTAACAACC-3'. Both PCR conditions were 40
cycles of 94 °C for 30's, 58 °C for 30 s, and 72 °C for 30s using 0.5 U LA
Tag DNA polymerase (TaKaRa). In the case of adult mice, 10 ug of total
RNA was used for first-strand ¢cDNA synthesis using the SuperScript
First-Strand Synthesis System for RT-PCR (Invitrogen). To detect
expressions of the inserted Impf ¢cDNA and the endogenous Kpnhl gene,
primers E3 (5-GTTCGAGCTTGGAATTCATG-3') and BS (5'-CCGT
CGAGCATTAGCATCAA-%), and B3 and B6 (3'-CCICIC
ATTCCCAAGCATTC-3') were used, respectively. PCR conditions were
35 cycles of 94 °C for 30, 58 °C for 60 s, and 72 °C for 60 s using 0.5 U
AmpliTaq polymerase (Perkin-Elmer).

S-rapid amplification of ¢DNA ends (RACE) and 3'RACE analyses.
Total RNA was prepared using Sepazol reagent (Nacalai Tesque, Kyoto,
Japan), and mRINA was purified using the Oligotex-dT30 Super mRNA
Purification Kit (TaKaRa). Reverse-transcription was performed with
Thermoscript  (Invitrogen) using primer El (5-AGCAGTGAA
GGCTGTGC-3') for 5’RACE. The S'RACE System for Rapid Amplifi-
cation of cDNA Ends Reagent Assembly Ver. 2.0 (Invitrogen) was used
according to the manufacturer’s instructions, using the primer E2 (5'-CTT
TGTTAGGGTTCTTCTITC-3'). Products were electrophoresed and
subjected to Southern blotting using digoxigenin-ddUTP-labeled oligo-
nucleotide probes for the SA sequence in the trap vector, prepared using
the DIG Oligonucleotide 3’-End Labeling Kit (Roche). Hybridization
with the probes was carried out overnight at 60 °C.

The downstream cDNA fragment containing a poly(A) stretch was
obtained using 3’RACE System for Rapid Amplification of cDNA Ends
(Invitrogen). First-strand cDNA was synthesized with a 3'RACE Adapter
Primer using the Thermoscript RT-RCR System (Invitrogen) and two
nested primers PS5 (5-CATTGGCCTGCGGCTTCA-3') and P6 (5'-CGG
CTTCAAGGTCCGGTT-3'). RACE products were cloned into pGEM-T
vectors (Promega, Madison, WI) and sequenced.

Results
Analysis of the insertion event in Ayu8108 trap clone
Ayu8108 ES clone cells were isolated using gene trap

screening with the pU-Hachi trap vector (Fig. 1A), which
was designed for the exchangeable gene trap [15]. Southern

blot analysis with a probe for the pUC vector fragment
revealed a single copy integration of the vector (data not
shown). Genomic DNA fragments flanking both the 5’
and 3’ ends of the integrated vector were obtained by the
plasmid rescue method after removal of the figeo sequence
by Cre-mediated recombination [18]. Sequence analysis of
the flanking genomic DNA and homology search in the
GenBank database revealed that the trap vector was inte-
grated into the promoter region of the Kpnbl gene.
Although the transcription initiation site of the Kpnbl gene
was not yet determined, several expression sequence tag
(EST) sequences covering the 5'-region of the Kpnbl gene
show 5'-ends at 290-323 bp upstream of the start codon
of the Kpnbl gene. Therefore, in our study, the 5-end of
the BY 740663 EST sequence, which has the most extended
5’-end, was considered as the Kpnb/ transcription initiation

site. The trap vector was integrated at 225 bp upstream of

the first exon, however, direction of transcription of the
fgeo was opposite to that of the Kpnbl gene (Fig. 1B).
Deletion of genomic DNA at the integration site was only
of 46 bp, and no deletion was found in the integrated trap
vector.

Chimeric mice were produced by aggregation of
Ayu8108 ES cells with morulae, and the trap mouse line
designated as B6-CB-Ayu8108%"¢°™MEC ( 43u8108%°) was
established.

Identification of the trapped transcript in the Ayu8108 line

The fact that the direction of transcription of the figeo
was opposite to that of the Kpnbl gene (Fig. 1) indicated
the existence of another gene in the promoter region of
the Kpnbl gene. In fact, ubiquitous expression of the
trapped gene was observed by X-gal staining in E9.5 and
E12.5 embryos (data not shown). Moreover, in adult mice,
transcripts of the figeo were detected in the brain, heart,
lung, kidney, and testis using RT-PCR (data not shown).

To identify endogenous transcripts fused to the figeo
gene, we performed S’RACE and obtained a clear single
band (Fig. 2A). Sequence analysis revealed that transcrip-
tion of the fusion transcripts started at 50 bp upstream
from the insertion site, which corresponded to 124 bp
upstream of the first exon of the Kpnbl gene, and spliced
at a cryptic splice-donor site (position 52 in the pU-hachi
sequence, GenBank Accession No. AB242616) within the
intron of the trap vector to fuse the authentic splice accep-
tor (Fig. 2B). Then, 3'RACE was performed to obtain the
whole transcript of the trapped gene, and a 1.3-kb product
was obtained (GenBank Accession No. AB242615). As
shown in Fig. 2C, the sequence was identical to the
3’-flanking genomic sequence of the trap vector. Homology
search using BLAST programs [19] identified several
mouse ESTs with high homology (>95%). However, in
the 1.3-kb transcript, multiple stop codons appeared in
all three frames, and no apparent ORF was found. North-
ern blot analysis was performed using both total and
poly(A) RNAs from adult tissues and an RNA probe for
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Fig. 2. Identification of the transcript trapped in the Ayu8108 clone. (A)
5'-RACE analysis of the Ayu8108 ES line. A single band (arrowhead) was
obtained with El and E2 primers (left), and the product hybridized with
an oligoprobe from the SA sequence (right, arrow), showing successful
amplification of the fusion transcript with the SA sequence of the trap
vector. (B) Schematic structure of transcription of the fusion transcript
from the Ayu8108*° mutant allele. Transcription started 124 bp upstream
from the first exon of the Kpnbl gene and was spliced at a cryptic splice
donor site in the intron sequence of the trap vector. (C) Transcription of
the trapped gene in the wild allele. The 1.3-kb transcript identified by S'-
and 3'RACE is indicated by a thick box. The arrow on the box indicates
the direction of transcription. Primers used for 3'-RACE are indicated by
arrowheads. EST sequences from GenBank are shown under the map with
their respective accession numbers.

the 1.3-kb product. However, only a faint signal was
detected with total RNA, and no signal was obtained with
poly(A) RNA (data not shown). Thus, in the Ayu8108
clones, we could not detect endogenous transcripts from
the trapped gene. However, it was possible that a non-cod-
ing RNA gene was trapped.

Expression of the Kpnbl gene is impaired in Ayu8108*'¢°
mice

Since the integration site of the trap vector was quite
close to the first exon of the Kpnbl gene, it was expected
that insertion would result in impaired expression of the
Kpnbl gene, although direction of transcription was oppo-
site. In order to examine expression levels of the Kpnblgene
in Ayu8108+/° heterozygous mice, we performed real-time
RT-PCR quantification in liver, kidneys, and testes of
adult mice. As shown in Fig. 3, expression levels of the
Kpnbl mRNA in Ayu8108™/%°° mice were significantly low-
er (about 60-80%) than those of wild-type, indicating that
integration of the trap vector produced a hypomorphic
allele of the Kpnblgene.

100 |-

80

60

40

20

Relative expression level (%)

+/+ +/geo  +/+ +/geo
Liver Kidney

++ +/geo
Testis

Fig. 3. Comparison of expression levels of the Kpnh! gene between wild-
type and Ayu8108%/% heterozygous mice by Real-time RT-PCR. Total
RNAs from liver (n = 6), kidneys (n = 6), and testes (n = 5) of wild-type
(+/+, black bars) and Ayu81084° (+/geo, open bars) adult mice were
used. In each tissue, relative expression level against average amount in
wild-type mice is indicated with standard deviation. *p <0.01; **p <0.05
(Student’s t-test).

Ayu8108°°“°° homozygous embryos were lethal after
implantation

Apu810875° heterozygous mice were healthy in appear-
ance and fertile. To investigate the phenotype of Ayu8/08-
ge0l8 1) ymozygous mice, heterozygous mice were crossed,
and neonates, E10.5 and E7.5 embryos, were genotyped
by Southern blotting or PCR analysis (Fig. 1C). Asshown
in Table 1, no homozygous progeny was identified. Out of 62
deciduas obtained from E7.5, 27.4% of deciduas were emp-
ty, likely to correspond to missing homozygotes (Table 1),
indicating that decreased expression of the Kpnbl gene
caused embryonic lethality. To score rates of abortion in
the uteri, heterozygous and negative littermate females
were superovaluated and mated with heterozygous males.
Fertilized eggs were then collected, and transferred into
foster mothers on the same day, and then E5.5 deciduas
were histologically analyzed. As shown in Table 2, in
experiments with wild-type and heterozygous females, fre-
quency of resorptions was 8.3% and 36.2%, respectively.

Table 1
Genotyping distribution of embryos and pups derived from heterozygous
intercrosses

Age stage  +/+ (%)  +/geo, geo/+ geofgeo  Resorbed  Total
(%) (%) (%0)

Blastocyst 6 (33.3) 9 (50.0) 3(16.7) — 18

Outgrowth  5(20.0) 10 (40.0) 5(200) — 20

E75 18 (29.1) 27 (43.5) 0 17274 62

El10.5 15 (37.5)  25(62.5) 0 ND 40

Newborn 12 (33.3) 24 (66.7) 0 — 36

Embryos and newborn mice were genotyped by Southern blot analysis
(newborn and 10.5 dpc), or by PCR analysis using P1/P2 and neo-F/R
primers (7.5 dpc) or with M13-R, P3, and P4 primers (blastocysts and
outgrowth blastocysts). ND, Not determined: although empty deciduas
existed, their numbers were not counted.
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Table 2

Frequency of resorptions of E5.5 embryos

Cross Total No. No. of Resorption frequency (%)
of deciduas  resorptions

+/+ X +/geo 48 4 83

+/geo X +/geo 47 17 36.2

Fertilized eggs from the indicated crosses were transferred into oviducts.
Then, at E5.5, deciduas were dissected, sectioned, and stained with
hematoxylin and eosin to examine morphology of embryos. All viable
embryos showed normal morphology.

The difference of 27.9% was expected to correspond to
the rate of homozygotes, and no embryonal tissue was
observed in the empty deciduas (data not shown). These re-
sults strongly suggested that all Ayu8108%°”**® homozygous
embryos were lethal before E5.5.

To investigate whether homozygous embryos could sur-
vive to the blastocyst stage, two-cell stage embryos from
heterozygous crosses were collected and cultured up to
the blastocyst stage. All embryos showed normal morphol-
ogy without any developmental delay. Each embryo was
lysed and subjected to PCR for genotyping. At this stage,
homozygous embryos were identified (Table 1). Then,
growth potential of homozygous embryos was examined
by in vitro culture on gelatin-coated culture slides for 3
days. All blastocysts obtained from heterozygous crosses
hatched out of the zona pellucida and attached to the
slides. Genotyping of explants identified 5 (20%) homozyg-
otes (Table 1). These results suggested that Ayu8/08%/¢
homozygous embryos could develop to the blastocyst stage
(E3.5), and hatch out, but they died shortly after implanta-
tion by E5.5.

In order to examine expression of the Kpnblgene at the
blastocyst stage, RT-PCR analysis using individual blasto-
cysts obtained from heterozygous crosses was performed.
Fig. 4 depicts results of a typical experiment. In total, 70
blastocysts were examined, and 21 blastocysts (30%)
showed wild-type expression pattern [Bgeo(—)/Kpnbl(+)],
34 (49%) showed heterozygous expression pattern

geo(+)/Kpnbl(+)], and 15 (21%) showed homozygous
expression pattern [fgeo(+)/Kpnbl(—)]. Results of geno-
typing and RT-PCR indicated that expression of the Kpnbl/

Kpnbi/Impf

ffigeo

PCM-1

Expected genotype +/+ +/geo  geolgeo

Fig. 4. RT-PCR analysis of individual blastocysts. Total RNAs from
individual blastocysts {a—e) were subjected to RT-PCR to detect expres-
sion of the endogenous Kpnhl gene (upper panel) and the figeo gene
(middle panel). Detection of PCM-1 mRNA was performed as positive
control (lower panel).

gene was undetectable by RT-PCR in Apu8/08%°7/s®
homozygous embryos.

Expression of the Kpnbl gene rescued post-implantation
lethality

In Ayu8108%”/*“* homozygous mice, expressions of the
Kpnbl gene and of the 1.3-kb transcript were severely
impaired by insertion of the trap vector. In order to deter-
mine what was responsible for lethality, we replaced the
Pgeo gene of the trap vector with Impf cDNA, using the
Cre/mutated lox recombination system as outlined in
Fig. SA. The inserted Impf ¢cDNA should be expressed
under the control of the promoter for the 1.3-kb transcript,
and production of the 1.3-kb transcripts should remain
interrupted. After introduction of the replacement vector
and of the Cre-expression vector [20] into Ayu8108 ES
clones, 24 colonies were picked up, and 22 of 24 (90%)
clones were shown to have the replaced alleles,
Ayu8108T™F by Southern blotting and PCR analyses
(Fig. 5B). Then, the Ayu81087/™"F mouse line was estab-
lished from one of the replaced clones through production
of germline chimeras. Heterozygous Ayu8l08™/™"F mice
were crossed, to obtain and examine phenotype of
Ayu8108™PEPF b omozygous mice. Genotype analysis
(Figs. 1B and 5B) of 63 4-week-old offsprings identified
13 (21%) wild-type mice, 35 (56%) heterozygous mice,
and 11 (17%) homozygous mice for the replaced allele,
and all Ayu8108™""P""F homozygous mice appeared
healthy. Expression of the endogenous Kpnbl gene and
of the inserted Impf cDNA was analyzed by RT-PCR
using specific primer pairs for each transcript. As shown
in Fig. 5C, expression of the integrated Impf cDNA was
detected in heterozygous and homozygous mice. Unexpect-
edly, the endogenous Kpnbl gene was expressed in
Ayu8108™PP P8 1 omozygous mice. This demonstrated
that recovered Impf expression from the inserted cDNA
and endogenous Kpnbl gene rescued early embryonic
lethality, and lethality was caused by impaired expression
of the Kpnbl gene, but not of the 1.3-kb transcript.

Discussion

A hypomorphic allele of the mouse Kpnb/ gene was gen-
erated by gene trap mutagenesis using ES cells. In hetero-
zygous adult mice, expression level of the Kpnbl gene
was reduced to about 60-70%, and in homozygous blasto-
cysts, transcripts were not detected by RT-PCR. Homozy-
gous blastocysts were able to grow on gelatin-coated slides,
but homozygous implanted embryos died before E5.5 in vi-
vo. These results indicated that Imp[ protein was indis-
pensable for the development of early stage embryos, and
that any other importinl family members could not com-
pensate for nuclear import activity.

The developmental function of Impf has been analyzed
only in mutant Drosophila strains. In Drosophila, homozy-
gous mutants could develop to the second larval instar
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A

Plasmids introduced through
co-electroporation

Konb {
exR ext

Ayu8iogse allele

Pac-probe 3-probe

C

+Ampf ImpRimpp

D H+ +mpf tmppimpp
"L s K L B kK 1'"'c B K 1! -
Integrated ¢cDNA
E3/85 (553 bp)
Endogenous Kpnb1
B3/B6 (982 bp)

Fig. 5. Production and analysis of the 4yu8108""F mouse line. (A) Site-specific replacement of the figeo gene with a 2.6-kb Impp cDNA sequence through
Cre-mediated recombination. The replacement vector contains lox66-Impf cDNA-pA-PGK promoter-pac-lox66 (top). Ayu8108 ES cells were co-
electroporated together with the replacement vector and the Cre-expressing vector, pPCAGGS-Cre. Through recombination between /lox sites, the figeo
gene was replaced with the ImpB ¢DNA sequence (bottom). Striped boxes indicate transcribed genomic DNA regions for the 1.3-kb transcript. Replaced
clones were selected in the presence of Puromycin (2 pg/ml). The integrated cDNA sequence was expressed as endogenous promoter activity which had
driven the figeo gene before replacement. Splicing patterns of transcripts for fgeo and integrated cDNA are shown under the maps. Primers used for
confirmation of recombination and RT-PCR are indicated by arrowheads. Bg, Bg/Il; N, Ncol. (B) Confirmation of targeted recombination at the lox sites.
Results of representative 4 clones (1-4) are shown. Left, PCR with SA and B5 primers to detect the 5'-side junction. Right, Southern blot analysis with the
Pac-probe and Bg/lI digestion to detect the 3'-side junction. Bands with expected sizes were detected in both analyses. (C) Genotyping of the Ayu8108"F
mouse line. Tail DNA was digested with Neol and hybridized with a 3'-probe. From the wild and A4yu8108"""F allele, 2 2.2-kb band (Fig. 1B) and a 1.6-kb
band were detected, respectively. (D) RT-PCR analysis of expression of the inserted or endogenous Impf transcripts in each genotype. RT-PCR was
performed using total RNAs from adult brain (B), kidneys (K), intestines (I), and fungs (L). To detect transcripts from the integrated Impp cDNA and the
endogenous Kpihl gene, E3/BS primer pair, and B3/B6 primer pair were used, respectively. B6 primer was in the 3'-untranslated region, therefore the B3/
B6 primer pair can specifically detect endogenous Kpnhl expression. In homozygous Ayu8108"P1PF mice, both inserted Impf cDNA and endogenous

Kpnbl gene were expressed. —, template without RT reaction.

probably because of maternal accumulation of Impp pro-
tein. In the case of importinf-deficient eggs derived from
germline chimeras carrying Impp-deficient female germ
cells, embryogenesis did not start at all [13]. Post-implanta-
tion lethality in our homozygous mutants for the Ayu8108
allele suggested that maternal Impf mRNA or protein was
present in mouse embryos, and that these might become
depleted at the time of implantation.

In the Ayu8108 trap line, the trap vector was inserted in
the promoter region of the Kpnb/ genein the reverse orienta-
tion. Recent genome and expression studies have revealed
that many pairs of genes were driven by the same promoter
sequence but in reverse direction [21,22], and that there were
also non-coding RNA genes of unknown functions [23,24].
We identified a 1.3-kb product as the transcript of the
trapped gene in Ayu8108 clones, but no ORF was found,
and its expression was under detectable levels using northern
blotting. As Ayu8108™?57PF homozygous mice were viable
and healthy by expressing Impf, but not the 1.3-kb tran-
script, the 1.3-kb transcript might not have a significant func-

tion in development. Yet, the 1.3-kb transcript might be a
non-coding RNA of unknown function.

pU-hachi was constructed as an exchangeable gene trap
vector using the Cre/mutant lox system. In this study, we
used this system to insert the Impfl cDNA sequence, and
we successfully identified the responsible gene for the early
embryonic lethal phenotype. We clearly showed that Imp
was essential for early development in mice. Since there are
many overlapping genes, insertion of a targeting vector
may often result in disruptions of two genes. Our exchange-
able system is expected to be a useful tool for analysis of
such overlapping genes.

At present, we do not know why endogenous expression
of the Kpnbl gene in the Ayu8108™"F allele recovered. We
presume that there may be inhibitory element(s) for tran-
scription in the IRES-Bgeo sequence. It is known that the
IRES sequence is quite GC rich and forms a complex sec-
ondary structure [25]). We have also produced the IRES-
Bgeo deleted allele by mating a Cre-expressing transgenic
mouse line [26]. Homozygous mice for the IRES-fgeo
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deleted allele were also viable and expressed the endoge-
nous Kpnbl gene (data not shown). This supported the
hypothesis of the existence of inhibitory elements. Howev-
er, Impp expression level from the Apu8108™"Fallele
seemed to be lower than that of the wild-type allele,
because we could not obtain compound heterozygous mice
carrying both the Ayu8108%° and the Ayu8108™"F alleles.
Since we produced several alleles showing different expres-
sion levels of the Kpnbl gene, further analyses using these
alleles would reveal the minimum requirements of Impf
expression level for development.
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Summary: B-Galactosidase {3-gal) is one of the popular
reporters for detecting the expression of endogenous or
exogenous genes. Here we report 6-chloro-3-indoxyl-
beta-D-galactopyranoside (S-gal) is more sensitive for
B-gal activity than 5-bromo-4-chloro-3-indolyl-beta-D-
galactoside (X-gal), particularly during the early devel-
opmental stages of mouse embryos. Further, we suc-
cessfully combined $-gal staining with S-gal and in situ
hybridization using DIG-labeled probes in both whole
and sections of early stage embryos due to the sensiiiv-
ity and color compatibility of S-gal. genesis 44:57-65,
2006. © 20056 Wiley-Liss, Inc.

Key words: beta-galactosidase; in situ hybridization; X-gal;
S-gal

The lacZ that encodes B-galactosidase (B-gal) has been
widely used as a reporter gene in the developmental
biology field from Drosophiia to mammals because of its
high sensitivity and ease of detection. In the mouse, lacZ
has been variously used for analysis of gene expression
by knocking it into the targeted gene locus, detection of
gene recombination by Cre-loxP, and detection of embry-
ouic stem (ES) cell derivatives in chimeric analysis. In
these contexts, double staining for B-gal activity and
in situ hybridization can provide a powerful technique
to examine the expression pattern of endogenous genes
with monitoring of B-gal activity in the same specimen.
This method was originally developed in Drosopbila
(Cubas et al., 1991), then subsequently applied to other
organisms such as the mouse (Tajbakhsh and Houzel-
stein, 1995). Recently, this technique has been com-
bined with various other methods, such as double-
stranded RNA interference (Mellitzer ef al., 2002). How-
ever, because a similar color is produced by B-gal activity
using  S-bromo-4-chloro-3-indolyl-beta-D-galactoside  (X-
gal; dark blue) and in situ hybridization by DIG-labeled
probes using nitro-blue tetrazolium (NBT)/3-bromo-4-
chloro-3-indolyl phosphate (BCIP; purple), there are of-

ten difficulties in distinguishing these two stainings in
the same tissue or cells; for example, this double-staining
method is applicable to chimeras to evaluate the effect
of the degree of chimerism by B-gal staining on other
endogenous gene expressions (Ang et al., 1994; Rhinn
et al., 1999).

To overcome such difficulties for double staining of
B-gal activity and in situ hybridization, we tried using a
different substrate, 6-chloro-3-indoxyl-beta-D-galactopyr-
anoside (S-gal, MW 329.74) instead of X-gal (MW 408.63)
in order to develop a compatible color with the purple
staining for in situ hybridization by NBT/BCIP. S-gal
shows a pink/magenta color after reaction, and has been
used recently for the detection of B-gal activity (Baker
et al., 1999; Varlet et al., 1997). However, these two sub-
strates have never been compared for their sensitivity to
detect B-gal activity. Therefore, we first compared the
sensitivity of S-gal with X-gal, the most popular substrate
for detection of B-gal activity. To this end, males hetero-
zygous for ROSA26 (Zambrowicz et al., 1997), which
express $-gal ubiquitously, were bred with wildtype
Swiss females, and embryos were obtained from embry-
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FIG. 1. Comparison of the sensitivity of S-gal and X-gal at E7.5-
10.5. Embryos that carried ROSA26 were fixed and stained with ei-
ther 1 mg/ml of X-gal (XG) or S-gal (SG) at 37°C. Color development
is depicted at 30 min, 2 h, and overnight after starting the reaction.
Embryos on the right in panels a-f and those on the left in panels
s-v are wildtype as controls. Early head fold stage embryos were
used as E7.5. Scale bar =1 mm.

onic day 7.5 (B7.5) to E10.5. Embryos were incubated
either with 1 mg/ml of X-gal or S-gal at 37°C and color
development was monitored. As shown in Figure 1 for
E7.5-10.5, all stages of embryos stained with S-gal devel-
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FIG. 2. Comparison of the sensitivity of S-gal and X-gal at different
concentrations. E8.5 embryos of ROSA26 at the 10-somite stage
were stained with the indicated concentration of either X-gal (XG) or
S-gal (8G) at 37-C. Color development is depicted at 30 min, 2 h,
and overnight after starting the reaction. Scale bar =1 mm.

oped a magenta color within 30 min of incubation,
whereas color development for embryos stained with X-
gal took longer. This trend was more prominent in early
stage embryos. Embryos stained with a lower concentra-
tion of S-gal also showed detectable color development
in 30 min (Fig. 2m,s,y). Staining with 5 mg/ml of X-gal
still took 2 h of incubation to develop a visible color
level (Fig. 2d-1). Interestingly, no difference of incuba-
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2hr

FIG. 3. Comparison of the sensitivity of S-gal and X-gal for detec-
tion of Cre recombinase activity. ROSA-reporter embryos that carry
P0-Cre transgene were dissected at E10.5 (a~d) or E12.5 {e~h) and
stained with either 1 mg/ml of S-gal (SG) or X-gal (XG). Embryos on
the right in panels a~d are ROSA-reporier embryos without carrying
PO-Cre transgene, Arrow, staining in a craniofacial region; arrow-
heads, staining in dorsal root ganglia. Scale bar = 1 mm. [Color fig-
ure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

tion time to develop the color was observed for embryos
later than E10.5 (Fig. 1s-v). This shortening of incuba-
tion time with S-gal will be of great advantage for double
staining with in situ hybridization because degradation
of RNA may be minimized. Furthermore, this result sug-
gests that, if the incubation time to stain embryos with
X-gal is short, analysis of gene expression by B-gal stain-

ing might miss the low expression of genes in early
mouse embryos, which may lead to misinterpretation of
gene functions.

This shorter incubation time with S-gal, particularly in
early stage embryos, may suggest the ability of Sgal to
detect B-gal activity at very low levels. This prompted us
to examine whether 8-gal activity induced by Cre recom-
binase could be detected by S-gal in a more sensitive
manner than by X-gal soon after the expression of Cre
recombinase. To confirm this, we used a ROSAZ6 re-
porter strain, in which a lacZ expression cassette with a
nuclear translocation signal (a nuclearlocalized LacZ,
nuclear LacZ hereafter) is used (Soriano, 1999), and a
PO-Cre transgenic line that expressed Cre in a neural
crest-specific manner (Yamauchi et al, 1999). In this
line, Cre recombinase expression starts as early as E9.5
in migrating neural crest cells. As shown in Figure 3, in
E10.5 embryos a magenta color was detected in neural
crest derivatives such as the craniofacial region and dor-
sal root ganglion as early as 30 min after incubation with
Sgal (Fig. 3a,b). Overnight staining was required to
obtain a similar pattern of staining using X-gal (Fig. 3¢,d
and not shown). In E12.5 embryos, there is less differ
ence between S-gal and X-gal, and staining in the dorsal
root ganglia was detected within 2 h using X-gal (Fig.
3e-h). Thus, even if these two substrates require differ-
ent incubation times for the fully stained embryos, the
fully stained embryos with either substrate reach the
same pattern.

Since S-gal develops a magenta color, it can be com-
bined with authentic in situ methods using DIG-labeled
probes that typically develop a purple color with NBT/
BCIP. Actually, we successfully detected the expression
of Msxi with whole-mount in situ hybridization after
staining with S-gal for 30 min (Fig. 4a). We also con-
firmed this with several other probes including lefty],
lefty2, sbb, and Pitx2 (data not shown). It was noted
that there was no significant difference of time for devel-
oping a purple color for these hybridizations with and
without the B-gal staining procedure, suggesting no sig-
nificant degradation of endogenous mRNA during the
short time incubation for B-gal staining.

We also recently demonstrated that this method was
able to be applied successfully for evaluation of the rela-
tionship between the contribution of ES cells to chi-
meric embryos and alteration of the expression of en-
dogenous genes (Kishigami et al., 2004). Acvri (alterna-
tively known as Alk2) encodes a type I receptor for
BMPs and homozygous mutant embryos die soon after
gastrulation (Gu et al, 1999; Mishina ef al, 1999). This
early lethality was rescued by a chimeric situation that
consisted of wildtype extraembryonic tissues and Acvr !
mutant ES cells (Gu et ai., 1999; Mishina et al,, 1999). To
evaluate the relationship between the contribution of
ES cells and gene expression, we generated chimeric
embryos by injecting Acorl mutant ES cells carrying
ROSAZ26 into wildtype blastocysts. Levels of contribution
of ES cells were evaluated by S-gal staining immediately
after dissection (Fig. 4b) and whole-mount in situ hybrid-
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FIG. 4. Dual detection of B-gal activity and gene expression in whole embryos after staining with S-gal. Embryos stained with S-gat for
30 min at 37°C for magenta color development were subjected to whole-mount in situ hybridization with DIG-labeled RNA probes combined
with NBT/BCIP for purple color development. a: Detection of Msx7 expression in E8.5 embryos (7-8-somite stage) without (a, left) or with
{a, right) ROSAZ26. b: A typical example of validation of chimeric production using S-gal, dissected at E7.5. ¢: Detection of nodal expression
in different contribution levels of chimeras for Acvr? mutation (E7.5), posterior view (no, middle, and high contribution from left o right).
d~i: 7-um transverse sections of the embryos shown in €. Two sections in the embryonic regions close to the extraembryonic boundary
(d~f} and close to the distal end (g—i) are shown. Note posterior bilateral expression of nodal in the lateral plate mesoderm of a high contribu-

tion chimera (f,i). Scale bars = 1 mm (a,c), 200 pum {d-i).

ization was performed. It is a practical advantage that
the numbers of chimeric embryos and the degree of the
contribution of ES cells can be known at the time of dis-
section, and desirable numbers of chimeric embryos can
be pooled for in situ hybridization. Alterations of nodal
expression patterns were observed in mutant chimeras
depending on the level of contribution of the Acerl mu-
tant ES cells (Fig. 4¢) (Kishigami et al, 2004). Using sec-
tions, we demonstrated that observation at the tissue
level of expression was possible (Fig. 4d-1).

Because B-gal used in the original ROSA20 strain stays
in the cytoplasm, cellular levels of observation whether
one particular cell is LacZ-positive or not become diffi-
cult if the expression level of an endogenous gene is
high. To overcome this potential problem, first we exam-
ined if nuclear LacZ showed a confined staining pattern

in the nucleus. We bred a ROSA reporter strain with PO-
Cre mice, stained with S-gal, set up the whole-mount
in situ hybridization, and subsequently made paraffin
sections. However, because of the relatively harsh condi-
tion of the whole-mount in situ procedure, -gal staining
in the nuclei was not clearly detected (data not shown).
Therefore, we modified the procedure to make paraffin
sections immediately after staining with $-gal, and in situ
hybridization was subsequently carried out on the sec-
tioned materials. First, we compared the 3-gal staining
pattern of auclear LacZ between X-gal and Sgal. On
7-um sections, signals were able to be clearly detected as
dotldike staining in the dorsal root ganglia (DRG), but
not neural tube corresponding to the Cre expression
pattern in PO-Cre mice after 2 h incubation with S-gal
(Fig. 5¢), which is consistent with the previous report
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FIG. 8. Comparison of staining pattern of nuclear lacZ using S-gal and X-gal. ROSA-reporter mice were bred with P0-Cre transgenic mice
and embryos were dissected at E10.5 and stained with 1 mg/mi of S-gal or X-gal, them paraffin sections were made. a~c: Stained with S-
gal for 30 min. d-f: Stained with S-gal for 2 h. g~i: Stained with X-gal for 2 h. b,e,h: Sections at the level of branchyal arch. ¢,f,i: Sections
contain dorsal root gangha. NT, neural tube; DRG, dorsal root ganglion. Scale bar = 100 um. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.}

(to et al.. 2003). On the other hand, 2 h incubation with
X-gal did not produce the clear image of a dotdike struc-
ture (Fig. 5h). Note that even cytosolic LacZ produced a
dotlike structure to some extent when S-gal was used
as the substrate, depending on LacZ expression, which
may represent that some amount of cytosolic LacZ is
localized in the nuclei (data not shown). For dual detec-
tion of B-gal activity and endogenous gene expression,
we bred ROSA-reporter mice with Mox2-Cre for ubiqui-
tous expression of nuclear LacZ. Embryos were dis-
sected at E10.5, stained with S-gal, sectioned, and fol-

lowed by in situ hybridization using a probe for Fgf8. In
this modified procedure, 3-gal activity was also observed
as several spots in each cell, conceivably corresponding
to the nuclear structure found in hematoxylin-eosin
staining (Fig. 6j,). After in situ hybridization, 3-gal signal
still remained as spots that were distinguishable from
cytoplasmic staining of Fgf8 (Fig. 6m,n).

In order to confirm the advantage of S-gal at the later
embryonic stages, we made cryosections and subse-
quenty compared the time course of color development
between S-gal and X-gal using E16.5 embryos. As shown
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FIG. 6. Dual detection of B-gal activity and gene expression at the cellular level on paraffin sectioned materials. Embryos that express
LacZ with a nuclear localization signal were dissected at E10.5, stained with 1 mg/ml of S-gal, and 6-um paraffin sections of hindlimb were
made. a-d: Low-magpnification image of hindlimb. e~i: High-magpnification image of a~d. j-n: Single cell view of e-i. Cell boundary is outlined
by thin lines. a,e,j: Hematoxylin and eosin (HE) staining. Nuclei are stained as blue by hematoxylin. b,c,f,g,k,l: Sections from S-gal-stained
embryos not carrying (b,f,k) or carrying (c,q,l) Mox2-Cre transgene. Note that the S-gal stain {magenta color) is confined in the cell nucleus.
d,h,i,m,n: Adjacent sections of ¢ were hybridized with a DIG-labeled RNA probe for Fgf8. In situ signal (blue color) was observed in the cell
cytoplasmic region, whereas S-gal signal was localized in cell nucleus (arrowheads). High magnification of panel d where positive or nega-
tive Fgf8 signals are shown in h and m, and i and n, respectively. Scale bars == 50 um (a-d), 25 pm (e~i), 2 um (j-n).

in Figure 7, sections stained with either X-gal or S-gal
started to develop a color in 30 min; however, at 2 h §-
gal stain produced a stronger signal than X-gal stain in pi-
tuitary (Fig. 7e-h), where PO-Cre was expressed (Yamau-
chi et al., 1999). As seen in sectioned materials after
whole-mount staining (Figs. 5, 6), we also observed that
S-gal and X-gal stain had dot signals in a part of the cell
nucleus, as previously reported (Ito ef al., 2003). Next,
we investigated the detailed staining pattern of S-gal
and in situ hybridization in cryosections. At E14.5,
expression of the Msx1 gene was restricted to the mes-
enchyme surrounding the incisor (Ferguson et al,, 2000;
Tucker et al., 1998). Also, typical in situ hybridization
signals in cranial mesenchyme were found in the cell
cytoplasmic region (Ding et al., 2004). A magenta color,
which derived from the S-gal stain, was observed in the
cell nucleus (Fig. 8¢, red arrowheads). On the other
hand, a plexus pattern of purple in situ colors was seen
in the cell cytoplasmic region (Fig. 8f, yellow arrows)
and was able to be distinguished from the dotty staining
of magenta color (Fig. 8f, red arrowheads). These results

demonstrated that the detection of 3-gal activity using S-
gal and expression of an endogenous gene was able to
be simultaneously monitored in the same cell if nuclear
LacZ was used.

We successfully demonstrated that S-gal can be used
for more applications than X-gal because of the color of
the product and its higher sensitivity. In conclusion, we
recommend that the choice between these two sub-
strates, S-gal and X-gal, for detection of B-gal activity
depend both on embryonic stages and color compatibil-
ity in mice.

MATERIALS AND METHODS

Breeding Mice

To obtain early stage embryos, male mice heterozygous
for ROSA26 (Zambrowicz et al., 1997) were bred with
wildtype females and vaginal plugs were subsequently
checked. To detect Cre activity, male mice carrying a
PO-Cre transgene (Yamauchi et al., 1999) were bred with
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FIG. 7. Comparison of X-gal and S-gal stain on time course dependency. X-gal and S-gal staining pattern on each time course. 30 min (a—
d), 2 h {e-h), and overnight (i-1) color development. Low magnification for a whole view of craniofacial sagittal section at E16.5 (a,¢,8,0,i,k).
High magnification for pituitary area where P0-Cre is expressed (b,d,f,h,j,)). Note that S-gal stain developed stronger signal than X-gal stain
at 2 h {e-h). Scale bars = 5 mm (a,¢,e,9,i,k), 50 um (b,d,f,h,j,}.

BN S

AN

FIG. 8. Dual detection of B-gal activity and gene expression at the cellular level on cryosectioned materials. S-gal staining and in situ
hybridization signal were monitored by magenta and purple color, respectively, in surrounded mesenchyme of incisor region at E14.5.
a~c: Sections stained with 1 mg/ml of S-gal for 2 h. d~f: S-gal-stained sections followed by in situ hybridization using a DIG-labeled probe for
Msx1. Note that S-gal stain was confined in nucleus as dotty signal {red arrowheads), whereas in situ signals were detected as a plexus pat-
tern of purple colors on each cell {yellow arrows). ma, mandible; mc, Meckel's cartilage; i, incisor. Scale bars = 500 um (a,b,d,e), 50 pm {c,).
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females that were homozygous for ROSA26 reporter
(Soriano, 1999). Establishment of mutant ES cell lines for
Alk2/Acvr] and generation of chimeric embryos were
described previously (Kishigami ef al, 2004; Mishina
et al., 1999). All mouse experiments were performed in
accordance with institute guidelines covering the hu-
mane care and use of animals in research.

B-Gal Staining Followed by Whole-Mount
In Situ Hybridization

After dissection, embryos were fixed with 4% parafor
maldehyde for 5 min at 4°C, washed three times with
phosphate-buffered saline (PBS), and stained with either
1 mg/ml of 6-chloro-3-indoxyl-beta-D-galactopyranoside
(Salmon-beta-D-galactoside, MV 329.74; Biosynth, Staad,
Switzerland; cat. #C5000) or 5-bromo-4-chloro-3-indolyl-
beta-D-galactoside (X-gal, MW 408.63; Sigma, St. Louis,
MO; cat. #B-4252), in 100 mM sodium phosphate buffer
(pH 7.5), 0.1% sodium deoxycholate, 0.2% Nonidet P40,
2 mM magnesium chloride, 5 mM potassium ferricya-
nide, and 5 mM potassium ferrocyanide at 37°C. For
combination with whole-mount in sita hybridization,
embryos stained with 1 mg/ml of S-gal for 30 min at
37°C were refixed with 4% paraformaldehyde overnight
at 4°C and subjected to whole-mount in situ hybridiza-
tion according to the protocol described previously
(Conlon and Rossant, 1992). After color development,
embryos were fixed in Bouin’s fixative, dehydrated, and
embedded in paraffin. Seven-um-thick transverse sec-
tions were cut for histological observation.

B-Gal Staining Using Nuclear-LacZ Followed
by In Situ Hybridization on Sectioned Materials

Mice homozygous for ROSA-Reporter (Soriano, 1999)
were bred with Mox2-Cre transgenic mice that ex-
pressed Cre in the epiblastspecific manner (Tallquist
and Soriano, 2000) or PO-Cre transgenic mice that ex-
pressed Cre in the neural crest-specific manner (Yamau-
chief al., 1999). By this means, embryos start to express
B-galactosidase with a nuclear localization signal in the
tissues where Cre is expressed. For both cases, embryos
were dissected at E10.5, stained with 1 mg/ml of X-gal
or S-gal, and subsequently G-um paraffin sections were
made. In situ hybridization using digoxygenin-labeled
RNA probe was carried out according to a nonradio-
active protocol (Lindahl et al, 1997). For cryosections,
embryos were dissected at E14.5 or E16.5, 14-pum sec-
tions were made, and subsequently stained for 3-gal ac-
tivity according the method described by Chai ef al
(2000) with medifications. In brief, dissected embryos
were fixed with 4% paraformaldehyde overnight, subse-
quently soaked with 20% sucrose in PBS, and embedded
in Optimal Cutting Temperature (O.C.T.) in liquid nitro-
gen. Pourteen-um sections were cut, washed with PBS
at room temperature, soaked with 100 mM sodium phos-
phate buffer (pH 7.5), 0.1% sodium deoxycholate, 0.2%
Nonidet P-40, 2 mM magnesium chloride, 5 mM potas-
sium ferricyanide, and 5 mM potassium ferrocyanide

for 10 min at room temperature. Sections were subse-
quently stained with 1 mg/ml of X-gal or S-gal at 37°C.
An S-gal-stained section was immediately used for in situ
hybridization according to the nonradioactive protocol
(Lindahl et al., 1997).
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FIGURE 2. Solid pseudopapillary tumor of the pancreas: histological section
from the resected tumor (Hematoxulin & Eosin stain, original magnification
% 20). Specimen reveals bland cells, forming pseudopapillary structures,
with focal hyalinization. There was no hemorrhage, necrosis, or significant

mitotic activity.

EUS-guided FNA, which has only been
reported in adults 3 other times in the
literature.* ¢

Cytological features of solid pseu-
dopapillary tumors are distinct from
those of other cystic or solid tumors of
the pancreas. The cells are relatively
bland with uniform, round to oval,
eccentrically located nuclei with fine
chromatin and a moderate amount of
cytoplasm. Nuclear grooves are typical,
and nucleoli are inconspicuous. Meta-
chromatic hyaline globules may also be
seen, as well as macrophages, multinu-
cleated giant cells, cholesterol, and
necrotic debris. The cytological findings
for this tumor were unusual. The FNA of
our case demonstrated moderate cellu-
larity with cells that were round to oval
with a more condensed distribution of
chromatin. The cells were also small
with scant cytoplasm and lacked nuclear
grooves.

In conclusion, this case represents
an unusual presentation of a rare
pancreatic tumor. Both the clinical
and pathologic presentations of this
case were highly umusual. Surgical
resection has generally been curative,
but close follow-up is advisable, par-
ticularly with the histological charac-
teristics that suggest a more aggressive
tumor.”
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Enhanced Trypsin
Activity in Pancreatic
Acinar Cells Deficient

for Serine Protease
Inhibitor Kazal Type 3

To the Editor:

Acute pancreatitis is a severe in-
flammatory disorder of the pancreas,
which is believed to be caused by
autodigestion of the pancreas by its
own digestive enzymes. However, di-
gestive enzymes are secreted. from the
pancreas as inactive precursor zymogens
and are normally activated only in the
duodenum. Thus, premature protease
activation should occur in the pancreas
to trigger pancreatitis. Because conver-
sion of trypsinogen to trypsin is the
trigger for protease activation, control of
trypsin activity is important to prevent
the development of acute pancreatitis.

In human, trypsin activity is
thought to be predominantly controlled
by the serine protease inhibitor, Kazal
type 1 (SPINK1), which is also known
as a pancreatic secretory trypsin inhib-
itor. In mouse, this homologous gene is
designated as Spink3 (serine protease
inhibitor, Kazal type 3). The SPINK] is
synthesized in acinar cells of the pan-
creas and is thought to inhibit up to 20%
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of the trypsin in the pancreas by binding
to the catalytic site of trypsin.® Thus, a
lack of SPINKI activity may result in
the failure of suppression of prematurely
activated trypsin within the acinar cells,
leading to autodigestion of the exocrine
pancreas by activated proteases.

To examine this possibility, we
had previously generated serine protease
Kazal type 3 (Spink3)-deficient mice. 2
In this study, trypsm activity in the
pancreas of Spink3™'" mice was not
increased, but was almost equal to that
in wild-type and heterozygous mice,
when free trypsin activity was measured
by using benzoyl-l-arginine p-nitroani-
lide as chromogenic substrate, However,
we postulated that this method was not
sensitive enough to detect a low level of
trypsin activation. Thus, we decided to
examine trypsin activity using a syn-
thetic trypsin substrate, (CBZ-Ile-Pro-
Arg)-rhodamine 110, a more sensitive
method than that using benzoyl-l-
arginine p-nitroanilide. This method
that permits observation of premature,
intracellular activation of serine-pro-
teases directly in living, functionally
intact pancreatic acmax cells was devel-
oped by Kriiger et al.’?

The Spink3-deficient mice at 0.5
and 1.5 days after birth were killed and
the pancreas was immediately removed.
Acini from animals were freshl? pre-
pared by coHdgmasc digestion,” then
suspended in Hepes (24.5 mM) buffered
medium (pH 7.3) containing NaCl (96
mM), KCl (6 mM), MgCl, (I mM),
NalzPO4 (2.5 mM), CaCly (0.5 mM),
glucose (11.5 mM), Na-pyruvate (5 mM),
Na-glutamate (5 mM), Na-fumarate
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(5 mM), minimum essential medium
(1% volfvol), and bovine serum albu-
min, fraction V (1% wt/vol). To study
imtracellular trypsin activity in living
acini, they were left to equilibrate for
30 minutes at 37°C. Cells were sus-
pended in the medium in the presence
of the synthetic trypsin substrate (CBZ-
He-Pro-Arg).-thodamine 110 (10 pM;
Molecular Probes, Eugene, Ore). Bisa-
mide derivatives of rhodamine 110 are
extremely sensitive molecular probes,
50- to 300-fold more so than the
analogous coumarin-based substrate,’
and selective substrates can be used
for assaying proteinases in solution or
inside living cells. Trypsin activity
could be directly observed when living
acini were placed under a fluorescence
microscope {Olympus AX70, CCD
camera DP70 with a U-MWIG2 filter;
Olympus, Hamamatsu, Japan) at an
excitation wave length of 520 to 550 nm
and an emission wave length of 580 nm.

We could detect trypsin activity in
Spink3-deficient pancreatic acinar cells
at 0.5 (Fig. 1) and 1.5 (data not shown)
days after birth. On the other hand,
trypsin actmty was not deteured in
panueamc acinar cells of Spink3™" and
Spink3"" mice. These findings suggest
that a small amount of trypsinogen is
activated into trypsin within acinar cells,
and that Spink3 is the main molecule
controlling trypsm actmty in acinar cclls
The mablhty in our prevmuq study,”
detect trypsin activity in the pancreas 01
Spink3”" mice using benzoyl-l-arginine
p-nitroanilide as a substrate, may have
been due to the low sensitivity of assay
system.

~378-

FIGURE 1. Detection of intraacinar trypsin activity using
(CBZ-lle Pro-Arg),-rhodamine 110 as a substrate. Isolated
acini of each genotypes at 0.5 days after birth were prepared
by collagenase digestion, and then placed under a coverslip
for intracellular fluorescence imaging after exposure to the cell
permeant fluorogenic substrate

(CBZ-lle-Pro-Arg),-rhodamine

In physiological conditions, diges-
tive enzymes are stored as inactive
precursor Zymogens in pancreatic acinar
cells. Hence, considerable interest has
been focused on the mechanisms by
which those enzymes become prema-
turely activated within the pancreas, and
so leading to pancreatic injury. Trypsin-
ogen may also be activated by the
lysosomdl cysteine protease cdthcpsm
B*7 or by autoactwatzon in acidic
environments.*® However, the mecha-
nism responsible for the intraacinar
activation of trypsinogen is thought to
be complex and has not been fully
clucidated. Although we could not
define this mechanism, we clearly dem-
onstrated that a small amount of tryp-
sinogen can be activated to trypsin in
acinar cells in the absence of Spink3.

In Spink3™'~ mice, excessive
autophagy appeared and the rapid onset
of cell death occurred in (h\, pancreas
within a few days after birth.” Presently,
it is not clear whether a low level of
trypsin activation is the trigger for
abnormal autophagy. Even though a
low level of trypsin activation can cause
autophagy, it is difficult to imagine that
autophagy can proceed to occupy the
whole cytoplasm to cause cell death. In
any case, the present results clearly
demonstrated that the loss of Spink3
resulted in the failure of control oftrypsin
activation in acinar cells, 1t is possible
that mutation of the SPINK! gene may
result in the failure to inhibit activated
trypsin in the human pancreas, leading
directly to pancreatitis or a potentiation of
the harmful effectto the pancreas by other
genetic or environmental insults.
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Discussion on
Applicability
of Disseminated
Intravascular
Coagulation
Parameters in the
Assessment of the
Severity of
Acute Pancreatitis
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To the Editor:

The study published by Dr Maeda
et al' contributes to our better under-
standing of the role osf the disorders of
hemostatic system during the severe
acute pancreatitis (SAP). Although first
studies dealing with this problem were
done in the early sixues of the last
century,” this topic has not attracted
much attention. However, during the
last 15 years, the role of disorders of
hemostasis during the course of SAP was
highlighted, especially in the develop-
ment of accompanied early and late
systemiic complications, using new find-
ings related to pathophysiology of he-
mostatic system and new specific
methods for analyzing single factors of
the hemostatic system.

Systemic inflammation with con-
secutive high levels of proinflammatory
cytokines in the circulation, among other
things, affects hemostatic system during
SAP. Expression of tissue factor that is
followed by the activation of extrinsic
pathway initiated coagulation. This leads
to hypercoagulative state with impaired
fibrinolysis. Overwhelming activation of
this process often results in micro-
thrombus formation, and in interaction
with a severe inflammatory reaction, it
may result in microvessel obstruction,
microbleeding, and malcirculation of
the tissue. There is lot of evidence that
inflammation and coagulation are closely
related processes, which considerably
affect cach other.

Dr Maeda et al' by measuring
disserninated intravascular coagulation
parameters (according to the Japanese
classification) showed clearly that levels
of particular disseminated intravascular
coagulation parameters on admission to
the hospital correlate with fatal outcome in
patients suffering from SAP. According to
receiver operating characteristic analysis,
levels of antithrombin 111 have been the
most accurate predictor of death. These
findings corroborate our previously pub-
lished results which suggested that de-
creased plasmalevels of activity of protein
C and antithrombin 1, and increased
plasma concentrations of D-dimer and
plasminogen activator inhibitor type I are
associated withpooroutcome ofsurgically
treated patients with SAP.*

However, it scems that for optimal
mapagement of these patients, early pre-
diction of severity could be as important

as the prediction of outcome. In the last
several years, some studies have pointed
out the role of measurement of early
hemostatic disturbances in the prediction
of severity of SAP. Salmone ct al’ re-
ported that levels of D-dimer on admis-
sion 4 times higher than upper limit may
be considered a reliable sign of SAP.
Ottesen et al® have demonstrated in an
experimental study that during the first
hours of illness only levels of protein C,
among other measured parameters of
hemostasis, differ significantly between
animals with necrotizing pancreatitis and
control group. Very rccently, Finish
group® showed the association of protein
C pathway with inflammatory regulation
in SAP. During the first 2 weeks of hos-
pitalization, low levels of protein C was
observed in 92% of patients with multiple
organ dysfunction syndrome and in 44%
of control patients with SAP but without
multiple organ dysfunction syndrome.

In the study of Dr Maeda et al,’
measurement of activity of protein C was
not done. That might be the only lack of
this very well designed study. Protein C
is, up to now, the only known parameter
of hemostasis for which it is proven that it
acts as anti-inflammatory, anticoagulant,
and profibrinolytic factor. Among the
studies that have shown the importance of
measurement of protein C for the carly
prediction of severity of acute pancreatitis
(AP), there is some evidence of thera-
peutic effects of application of recombi-
nant activated protein C (rAPC) in
treatment of these patients. In addition,
PROWESS study’ demonstrated a sig-
nificant improvement of survival on
administration of rAPC to sepsis
patients. Sixty-two patients (7.3%) with
septic complications of SAP have been
included in this study. Among them, 29
patients have been treated with rAPC,
whereas 33 patients were in placebo
group. The analysis of results has shown
the decrease of the relative risk of death
for approximately 43%. Machala et a®
have reported positive experience with
application of rAPC on the 2 patients
with septic complications during SAP.
Discontinuation of the therapy and fast
elimination of the drug, which could be
enormously important during the treat-
ment of patients with SAP, have enabled
planned invasive procedures (surgical
intervention and smaller therapeutic pro-
cedures) to be done without increased
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