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(amino acid residues 626-656) as determined by anal-
ysis using Lupas’s algorithm (Luras et al. 1991). An ATG
codon is located at nucleotide positions Bh9-561. This

codon is most likely the initiation codon, because there
is a Kozak sequence surrounding this ATG codon {(Kozak
1996): i.e., there is a G residue following the ATG codon
and an A residue three nucleotides upstream. A BLAST
search of the amino acid sequence deduced from the Skt
cDNA sequence revealed 80.6% homology with an un-
characterized human protein, KIAA 1217 (accession no.
AB033043), and no other evolutionarily conserved pro-
tein was identfied,

Sequence comparison of Skt cDNA with the murine
genome sequence in the public Mouse Genome Re-
sources (http:/www.nebinlm.nih.gov/genome/guide/
mouse/) revealed that the Sk gene consists of 19 exons
spanning > 300 kb and that the ATG codon is located in
the second exon (Figure 2B). The trap vector was in-
tegrated in the 14th intron, resulting in the disruption
of the Skt protein at position 998 (arrowhead in Figure 2,
Aand B). Sequence analyses of fusion transcripts revealed
the presence of two fusion transcripts with the 3-geo se-
quence: Ski-o, containing the lst=14th exons, and Skh,
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Fioure 3.—Analyses ot Skt transcripts. (A—C)
RT-PCR analyses using £E10.5 embryos to detect
Skt transcripts in wild-type (+/+) and Skt ¢m-
bryos. The wtanscripts containing nucleotide
sequences upstream of the insertion site of the
rap vector were detected in both wild-type and
Sk embryos (A). The wanseripts containing
nucleotide sequences downstream of the Skf se-
quence were not detected in SH™ embryvos (B
and C). M, molecular marker. (D) Northern blot
analyses to detect Skt mRNA in the wild-type ES
cells, £10.5 embryo, and 8-week-old mice, using
the Skispecific probe in the 5'-region (see Figure
2B). Total RNA (10 pg) from TT2 ES cells, wild-
type E10.5 embryos, mRNA (5 pg) trom wild-type
organs, and a Skt RNA probe were used for North-
ern blotting. (E) Northern blot analyses to detect
Sht and B-geo fusion ranscripts. Total RNA (20 ng)
from TTZ and heterozygous (Gi/+) ES cells,
wild-type (+/+), heterozygous (Gt/+), and ho-
mozygous (Gt/GA adualt brains was used for
Northern blotting. The Skt RNA probe or lacZ
RNA probe was used in the left and right panels,
respectively. Br, brain; H, heart; K, kidney; T, res-
tis; Li, liver; Lu, lung; 1, intestine.

lacking 33 bp of the 13th exon from Ski-a (Figure 2B). In
any case, a truncated protein lacking 355 amino acids
encoded by exons 15-19 in the C-terminal region is ex-
pected to be produced from the Skt allele.

RT-PCR and Northern blot analyses: We performed
RT-PCR using wild-type and Sk™ embryos at E10.5.
RT-PCR with primers a and b located within the 5'-
region of the integration site and detected the expected
band in both embryos (Figure 3A). Using RT-PCR with
two primer pairs—c in the 5'-region and d in the %'-
region of the integration site and primers e and fwithin
the 3'-region of the integration site—we could not de-
tect any product in Sk’ embryos (Figure 3, Band C),
indicating the absence of Sk mRNA containing exons
15-19 in Sk embryos.

To analyze the size and expression pattern of Sk
mRNA, we performed Northern blot analysis using the
Ski-specitic probe in the 5'region (see Figure 2B). As
shown in Figure 3D, a major band of 8 kb and a minor
band of 6.5 kb were detected in wild-type ES cells. In
wild-type whole embryos at E10.5, the 8- and 6.5-kb bands
were also detected, although the expression levels were
low. Surprisingly, Northern blot analysis using mRNA
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from wild-type adult organs revealed the presence of
four different mRNA transcripts, 5.5, 6.5, 7.0, and
8.0 kb. The faint 7.0-kb and strong 6.5-kb bands in the
brain, the 7.0- and 5.5-kb bands in the heart, the 7.0-kb
band in the tests, the 8.0- and the 5.5-kb bands in the
lung, and the §.0-kb band in the intestine were detected
(Figure D). We then examined the presence of the Skt
and B-geo fusion mRNA (Figure 3E). In Skt ES cells,
an expected 10.5-kb band representing the fusion
transcript containing B-geo was detected with both the
Skt and lacZ probes, although the intensity was weaker
than that of the 8-kb band of the endogenous transcript.
In the Sk“* and Ski“/* adult brains, o bands of 10.5
and 9.5 kb were detected with the Skt probe (Figure SE,
left), and these bands were also hybridized with the lacZ
probe (Figure 3E, right), confirming that both transcripts
corresponded to the fusion mRNA containing f-geo.
This result indicares the existence of alternative splicing
in the upstream region of the insertion site. Northern
blot analysis using mRNA from wild-type adult heart
revealed the presence of two different transcripts, the
7- and 5.5-kb bands when the Skt probe was used. How-
ever, in the Sk adult heart, one 9.5kb band was detected
with the lacZ probe (data not shown). This result indi-
cates that alternative splicing in the heart may occur in
the downstream region of the insertion site, leading to
the production of the 7- and 5.5-kb bands. The largest
size of mRNA is 8 kb, which is larger than that of the
predicted ¢cDNA sequence comprising 5930 nucleotides
(accession no. AB125594). As described below, the anti-
Skrantibodies recognized only an ~150-kDa protein cor-
responding to the predicted molecular weight of 147 kDa

in extracts from the nucleus pulposus of the caudal IVDs
(see lane 4 in Figure 6A). Thus, the 8kb mRNA may
contain untranslated regions at both the 5'-and 3-ends
and splicing may occur in each untranslated region. Fur-
ther study will be required to determine the untrans-
lated regions.

Formation of vertebral column and $-geo expression
in Sk mice: We examined formation of the vertebral
column in Sk mice during the embryonic, fetal, and
postnatal periods (£8.0, E8.5, £9.0, E9.5, £10.5, E11.5,
E12.5, E13.5, E14.5, 15.5, E16.5, £17.5, E18.5, £19.5,
newborn, and 2 weeks of age) by histological analysis
with and without X-gal staining. Before E8.0, the R-geo
gene was expressed in the chorion, but notin the embryo
(Figure 4A). At E8.5 (Figure 4B) and E9.0 (Figure 4C),
intense staining was detected in the notochord. AtE11.5,
the notochord and the mesonephros expressed B-geo
strongly (Figure 4, D-F). In addition, sections of E11.5
embryns showed B-gen expression in the epithalamus
sulcus, roof of the neopallial cortex, lens vesicle, inner
layer of retina, heart (arrium and ventricle), surface of
hepatic primordium, infundiblum, surface ectoderm,
hind gut, and mesenchyme of the limb bud (data not
shown). No abnormality was found in both vertebral
and intervertebral regions up to E16.5. In the Sk
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embryo at E17.5, compression was observed in some
IVDs (Figure 4, Tand }) of the Sk’ embryo, butnotin
the wild-type embryo (Figure 4, G and H). In the Skt
neonate, the X-gal-positve cells in the nucleus pulposus
were shifted to the periphery and the alignment of the
vertebral bodies was undulated (Figure 4, M and N). At
this stage, sizes of IVDs are the same as those of wild-type
mice. In 2-week-old Sk’ mice, the X-gal-positive no-
tochord cells were dislocated to the left or right side and
the nuclei pulposi were smaltler and eccentric, resulting
in the disappearance of normal IVDs (Figure 4, Q and
R). In the Ski* embryo and mice, the X-gal-positive cells
were positioned in the center of the vertebrae at any
stage (Figure 4, G, K, and O). Interestingly, the expres-
sion of the reporter gene was much lower in the upper
IVDs than in the fifth to seventh caudal TVD, coinciding
with a relationship between the phenotype of the Sk
and strong expression in the caudal region of the tail.
Histological analyses of IVDs of Skt®/*' and Sd mutant
adult mice: In SKO7 adults, the B-geo gene was also ex-
pressed in many tissues such as the corpus callosum in

the brain, uriniferous tubules in kidney, cardiac muscle,
Sertoli’s cells in testes, and basal cells and outer root
sheaths of hair follicles in skin (data not shown).

In normal adult mice, the nuclens pulposus was lo-
cated in the center of IVDs at all levels of the vertebral
column (Figure 5, A, D, G, and ]). FHowever, the nucleus
pulposus in the IVDs of the tail region of Sk mice
contained an aggregation of notochord-like cells with
fewer vacuoles than normal and were dislocated to the
periphery (Figure 5, H and K). The nucleus pulposus in
the upper regions appeared normal (Figure 1, B and E).
Although histochemical analyses of embryos and new-
borns in the Sd mutant were reported by PAAvOLA ef al.
(1980) and THEILER (1988), the histochemical analyses
of the IVDs in Sd mutant adult mice have not previously
been performed in detail. Thus, we analyzed the IVDs of
the whole spine in Sd +/+ + mutant mice. Surprisingly,
the TVDs were totally occupied by peripheral fibers sim-
ilar to those scen in the annulus fibrosus and no nucleus
pulposus was found within the IVDs (Figure 5, Cand F).
The degeneration of the nucleus pulposus in the center
of caudal IVDs was occasionally observed (Figure 5, I
and L). Although tail kinks of Sk™" mice were restricted
to the 20-25th caudal vertebrae (Figure 1B), an irregular
boundary with direct contact between the nucleus pulpo-
sus and annulus Abrosus (Figure 5, O and P) was observed
in the 5-25th caudal IVDs of Ski®/ mice, compared to
the sharp boundary and fixed space observed between
the nucleus pulposus and the fibrous layers of the an-
nulus fibrosus in normal mice (Figure 5, M and N). Ins
addition to the abnormalities of the nucleus pulposusin
TVDs, the annulus Abrosus development was also im-
paired in Sk mice as demonstrated by the thin fibrous
layers of annulus fibrosus and the failure of fibrous
adhesion in the vertebral bodies (Figure 5, Q and R).
We also examined whether similar abnormalities were
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observed in the regions that did not have kinks in Skt
mice (Table 1). Surprisingly, histological analysis of exter-

nally normal tails of Sk™“ mice revealed the presence
of similar IVD abnormalities such as dislocation of the
nucleus pulposus and thin fibrous layers of the annulus
fibrosus (Figure 5S) as found in kinked tails (Figure 5, Q
and R). This IVD phenotype was observed over 10 gen-
erations in the progeny backerossed to G37BL/6. Thus,

the primary phenotype of Sk““ mice is the deformity of
F YT YT 4

IVDs in the tail region. These histological pictures were
clearly distinct from those of Sd mice.

Analysis of Skt protein using anti-Skt antibody: The
anti-Skt antibodies recognized an ~150-kDa protein cor-
responding to the predicted molecular weight of 147 kDa
in the lysates of BMT10 cells transiently expressing the
SktcDNAby the CAG promoter as well as in extracts from
the nucleus pulposus of the caudal IVDs. No band was
detected in extracts from untreated BMT10 cells and
BMT10 cells transtected with mock expression vector

Fioure 4.—P-gal expression and histological
analyses in Skf“mice. At E7.5 (A), the chorion
was stained with X-gal, but the midline region
of the embryo was not stained. At E8.5 (B) and
EQ.0 (C) intense staining was detected in the no-
tochord. At E11.5 (D-T), the notochord and the
mesonephros expressed B-geo strongly in whole-
mount X-gal staining (D), the frontal section
(), and the sagittal section (F). Sagittal sections
of the tail bud of &% (G and H) and Sk
(I and J) embryos at E17.5. At E17.5, some 1VDs
were compressed in the tail bud of Sk7¢ (). Sag-
ittal sections of the il tips of newborn Sk* (K
and L) and Sk (M and N) mice. In the Sk
neonate, the vertebral body alignment was un-
dulated (M and N}. Sagittal sections of the tail
tips of 2-week-old Skt“* (O and P) and Skt™™
(Q and R) mice. In the 2-week-old Skt mice,
the X-gal-positive nuclei pulposi were dislocated
to the periphery (Q and R). (IL |, L, N, P, and R)
Higher magnification of the area indicated by
the boxes in G, 1, K, M, O, and Q, respectively.
Sections (G-J) were stained with alcian blue
and sections of X-gal staining (E, F, and K~R)
were counterstained with Nuclear Fast red. Bars,
200 pm.

(Figure 6A). This is consistent with the notion that ATG
at positions h39-561 and TAA at positions 46154617 in
the Skt cDNA are the start codon and termination codon,
respectively. As expected, the amount of Skt protein was
decreased in Ski“/* mice and was below the detectable
level in Skt mice (Figure 6A). After immunohistochem-
ical staining, the nucleus pulposus cells from upper cau-
dal vertebral discs were positively stained in wild-type mice
(Figure 6B, a and ¢), but not in Sk mice (Figure 6B,
b and d). At higher magnification, the staining was ob-
served mainly in the cytoplasm of the nucleus pulposus
cells, indicating cytoplasmic localization of the Skt pro-
tein. Since we could not produce antibodies against the
N terminus, the expression of the truncated protein was
not confinmed in Sk mice.

Relationship of Skt with Ed4Z or Sd loci: Both the ex-
pression pattern of the Skt gene and the phenotype of
Sk mutant mice were quite similar to those of Eil4** mu-
tantmice (ZACHGO ef al. 1998). Furthermore, by examining
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thoracic

caudal

Ficure 5. —Histological analyses of IVDs of
Skt and Sd mutant adult mice. Sagittal sections
of the thoracic and caudal IVD from 8-week-old
adult witd-type (A, D, G, and J), Sk (B, E,
H. and K}, and heterozygous Sd mice (G, F, 1,
and LY. (D, E, F, ], K, and L) Highcr magnifica-
tion of the area indicated by the boxes in A, B,
C, G, H, and 1, respectively. Arrowheads indicate
the dorsal side. Axial sections of the upper caudal
IVD in wild-type (M and N) and Sk (O and P}
8-week-old mice. (N and P) Higher magnification
of the area indicated by the boxes in M and O,
respectively. The arrowheads in P indicate an ir-
regular boundary with close contact between
the nucleus pulposus and annulus fibrosus. (Q-
S) The 20-25th candal 1VDs of Sk™ 8-week-
old mice. Impaired development of the annulus
fibrosus in Sk mice was demonstrated by the
thin fibrous layers of annulus fAibrosus (Q and
R) and the failure of fibrous adhesion to the ver-
tebral bodies (arrowhead in Q). Similar IVD ab-
normalities such as dislocation of the nucleus
pulposus (arrow in Q-S) and impaired growth’
of the annulus fibrosus were observed in the non-
kinked regions (S) and in the kinked regions (QQ
and §). Haematoxylin and eosin (HE) staining
was used. Bars, 200 pm,

the reported primer sequences of the Et4” locus To examine the genetic distance and interaction be-
(MaaTMAN ¢ al. 1997), we found that the Ed4%% locus tween the Sk and Sdlocus, we crossed Sk mice with 8d
is located in the third intron of the Skigene (Figure 2B) mice to produce the compound heterozygote (Sd +/+
and that the distance between the integration sites of Ell4*”* Skt™; trans-contiguration). Then, these compound het-
and Sk was 237 kb. erozygotes were used to analyze the recombination rate
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Froure 6.—Detection of the Skt protein. (A) Western blot
analysis to detect Skt protein using extracts from untreated
BMTI10 cells (lane 1), BMT10 cells transtected with vector
{lane 2), BMT10 cells transfected with the Skt expression vec-
tor (lane 3), and extracts of the nucleus pulposus of caudal
IVDs from 8-week-old wild-type mice (lane 4), SA#“" mice
(lane 3), and Skt* mice (lane 6). An ~150-kDa protein cor-
responding to the predicted molecular weight of 147 kDa was
detected in lanes 3, 4, and 3, but notin lane 6. The amount of
Skt protein was reduced in the SH** mutant (flane 5) and was
helow the detectable level in SE/¢ (lane 6). (B) Tmmunohis-
tochemistry of tfrontal sections of the nucleus pulposus in up-
per caudal IVDs from adult 8-week-old mice using purified
anti-Ske antibodies. Skt protein was detected in the cytoplasm
of nucleus pulposus cells in wild-type (a and ), but nor Skt
mice (b and d). (c and d) Higher magnification of the arca
indicated by the boxes in a and b, respectively. Bars, 200 pm.

between the two loci. As shown in Table 2, one com-
pound heterozygote carrying the Sd mutation and the
Skt insertion on the same chromosome (84 Ski™'/+ +;
cisconfiguration) and two wild-type mice were obtained
among 249 mice obtained by mating the frans com-
pound heterozygote with the wild-type C57BL/6 mice,
demonstrating that the Sd and Skt mutations were
genetically separated. The genetic distance was calcu-
lated to be ~0.95 ¢M by combining the data from mating
the [Sd Ski/ + +] (cis) compound heterozygote with the
wild-type mice (Table 2).

To evaluate the effect of the Sk mutaton on the tail
phenotype in heterozygous Sd mice in either the frans
or the dsconfiguration, the number of vertebrae was de-
termined by X-ray analysis. Heterozygous Sd [Sd +/+ +]
mice (n = 22) had a variable number of vertebrates
and the vertebral columns were truncated at the sixth
caudal vertebral body on average. Both trans [Sd +/+

pournd heterozygous mice had shorter tails, in which the
vertebral columns were truncated at the second and
third caudal vertebral body on average (Figure 7A). We
examined whether the phenotype of [5d Sk(”/+ Ski”']
neonatal mice is more severe than those of frans [Sd +/+
Ski] and cis [Sd Ski"/+ +] compound heterozygous
mice. Approximately 80% of [Sd Ske/+ Ski”] neonatal
mice died within 48 hr of birth and all mutant mice died
within 2 weeks. In addition, as shown by making alcian
blue/alizarin red whole-mount preparations of [Sd
Skt“t/ + Skt*] neonatal mice, [ Sd Ski*/+ Ski'] neonatal
mice had shorter tails than those of trans [Sd A/ + Ski™]
and cis [ Sd Skt”/+ +] compound heterozygous mice, in
which the vertebral columns were truncared at the
fourth sacral vertebral body on average, suggesting a
cumulative effect of the Sk#*/ mutation on the Sdmutant.

To examine the pathologic effect of the Sk mutation
on the Sd phenotype, we carried out histological ana-
lyses on the IVDs of Sd +/+ Skt and Sd Ski®/ 4+ + mu-
tant mice. Both compound heterozygous mice showed
IVD histology similar to that seen in Sd +/4+ 4+ mu-
tant mice. The nucleus pulposus was totally absent and
replaced by peripheral fibers similar to those seenin the
annulus fibvosus in all TVDs (Figure 7B, a-h). These
results suggest that the Sk mutation did not affect the
histological picture of IVD in the Sd mutation. In addi-
tion, the expression pattern of the B-geo gene in the tail
notochord was the same in both trans [Sd +/+ Ski”']
and cis [ Sd Skt™/+ + ] compound heterozygous embryos
at E9.5 and E18.5 (Figure 7C). The notochord of both
trans and ¢is cornpound heterozygous embryos was thin
and clearly stained at E9.5 (Figure 7C, a and d), and the
X-gal-positive notochord was similarly fragmented in
bath trens and cis compound heterozygous embryos at
E13.5 (Figure 7C, b, ¢, e, and f}. This suggested that the
Sd mutation did not affect Skt expression. In addition,
this frans—cis test demonstrated that the double het-
erozvgotes exhibited indistinguishable phenotypes in

TABLE 2
Distribution of the haplotypes among the 315 offspring of the backeross Sd +/+ Skt” or Sd Skt /+ + X C57BL/6

Sd +/+ Skt X C57 BL/6

Sd Sk + + X C57 BL/6

+ +/+ Skt Sd +/+ + Sd Ski¥'/+ + + +/+ +

+ Shi%/+ + Sd+/+ + Sd Ski%/+ + + +/+ +

144 102 1 2

0 0 24 42

Sd, Sk compound heterozygotes were generated from crosses with an inbred laboratory surain (CH7BL/6)
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regard to notochord degradation whether 84 and Skt
were in a frans- or in a cis-configuradon.

DISCUSSION

We established a new recessive tap line, B6;CR-
Skt 30 INEC - which had a deformity in caundal IVDs.
The insertion site of the trap vector is in the 14th intron
of the novel gene Sk, located on chromosome 2, near
the locus for Danforth’s short tail. In addition, we found
that the enhancer trap locus Lt4?, which was pre-
viously reported to be an allele of Sd, was located in the
third intron of the Skt gene.

Structure, expression, and function of the Skt gene:
The sequence of the trapped gene, Skt, was obtained
using the gene-trap ES clone. The Ski gene contains 19
exons encoding a novel protein of 1352 amino acids
with aproline-rich region in the N terminus (amino acid
positions 298-364) and a coiled-coil domain in the
middle {amino acid positions 626-656). Although the
role of the proline-rich region in many proteins is not
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Fioury 7.—(A) Schematic of
axial levels and severity of verte-

B sow+ S5 Sg Skie + Soield SEI S50 Sl & bral malformations in com-
&

pound mutant §-week-old mice.
A single solid circle indicates
the level of the terminal verte-
bral body for a single mouse.
In both trans and cis compound
mutant mice, the degree of ver-
tebral maltormation is more se-
vere than that in heterozygous
Sd mice (frans, P < 0.005; ¢is,
P < 0.008, Mann-Whitney Urest).
There was no significanc differ-
ence between trans [Sd +/+
Sk (no== 28) and s [Sd
Ski*/+ +] (n=10) mice (P =
0.956, Mann-Whimey UHest).
(B) Histological analyses of ver-
tebral columns in the Sd +/+
Skt and Sd Ski¥'/+ + matant
mice. HE staining of midsagittal
sections in thoracic spines of
Sd +/+ Skt (a and <) and Sd
Skt /4 + (b and d) mice and
in sacral spines of Sd + /4 Ski
(¢ and g) and Sd Sk/+ +
(f and h) mice. Arrowheads indi-
cate dorsal sides. (¢, d, g, and h)
Higher magnificadon of the areas
indicated by the boxes in a, b, e,
and f, respectively. (C) Whole-
mount X-gal staining in the
Sd+/+ Skt and Sd Sk™/+ + mu-
tant embryos. The B-gad expres-
sion in the tail notochord of trans
heterozygous embryos [Sd +/+
Skt™] at £9.5 (a) and E13.5 (b
and ¢) and of wsheterozygous
embryos [Sd Skt/ -+ +] at E9.5
(d) and E13.5 (e and I).

clear yet, a proline-rich region located in the amino-
terminal region has been shown to be important for
proper folding in cytochrome P450s (mitochondrial,
microbial, and microsomal P450s) (Kusano # al. 2001a,b).
Thus, the proline-rich region in the Skt protein may
have a similar function in protein folding. The coiled-
coil motf was first described by Cricy (1952) and by
PaurinG and Corey (1953) as the main structural ele-
ment of a large class of fibrous proteins that included
keratn, myosin, and fibrinogen, mediating dimeriza-
tion, heterodimer formation, or wirnerization (for a re-
view see Lupas 1996). These proteins provide a scaffold
for regulatory complexes such as tropomyosin and a
protective surface for pathogens. As the Skt protein is
localized in the cytoplasm, it is conceivable that the Skt
protein may provide structural elements or act as a
scaffold for regulatory complexes.

Insertion of the gene-wap vector into the 14th intron
of the Ski gene, downstream of the coiled-coil domain
and the prolinerich region, resulted in producton of
two fusion transcripts with the B-geo sequence: one, Ské-,
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containing only exons 1-14 and the other, Skt-b, lacking
33 bp of the 13th exon from Skta (see Figure 2B).
Northern blot analysis showed that the amount of fusion
transcripts from the trapped allele was lower than that of
the wild-type allele. Therefore, itis also possible that the
insertion of the gene-trap vector resulted in decreased
mRNA stability. As tail phenotypes are recessive, in-
sertion of the trap vector may cause a hypomorphic or
null mutation, but not a dominant-negative mutation.
Although we detected four types of mRNA transcribed
from the wild-type Skt allele, further analysis will be
required to elucidate the function of these mRNA.

The expression patterns of the Skt gene can be mon-
itored by X-gal staining, because the expression of the
reporter gene, B-geo, is under control of the regulatory
region of the Sktgene. At E11.5, B-geowas expressed mainly
in the notochord and mesonephros at high levels, and in
other tissues as described in the REsULTS. In the Etl4?
line, the lacZ reporter gene was also expressed in two
main tissues, the notochord and the mesonephros
(ZacHGo et al. 1998). In both lines, lacZ expression
was fivst detected at EB.5 in the presumptive notochord
cells. In the Et4™ line, lncZ expression was detected
in the future IVDs at E13.5 and persisted up to E14.5.
However, no lacZ expression was detected in the IVDs of
newborn and adult mice. On the other hand, lacZ ex-
pression in the 1VDs persisted to adult stage in the Skt
line. These results suggest that the enhancer located
near the Etl4*locus is not sufficient to express the lacZ
gene in the IVDs of adult mice.

Histochemical analyses of the vertebral column re-
vealed the differences between Sd mice and Sk mice.
As histological data on Efl4*7 mice were not described
by Zacaaco et al. (1998), it is not clear whether the IVD
histology is similar to that seen in Sd or Sk/* mice.
As reported previously, the development of both the
vertebral column and the urogenital system is affected
in Sd mutation, suggesting that the Sd gene is required
tor formation of derivatives from both the paraxial and
the intermediate mesoderm. In addition, both vertebral
bodies and IVDs are affected in Sdmice. The notochord
shows discontinuities as early as £9.5, resulting in the
total absence of the nucleus pulposus at all levels and is
replaced by peripheral fibers similar to those of the
annulus fibrosus m Sd adult mice. All vertebral bodies
are reduced in a dorso-ventral direction and the number
of tail vertebrae is reduced, leading to shortening or
absence of the tail. However, in Ski” mice, the compres-
sion and dislocation of the nucleus pulposus were first
observed at E17.5 and were restricted to the tail region.
Interestingly, the size of the nucleus pulposus was
similar to that in wild-type mice until birth. After birth,
the nucleus pulposus did not expand and was dislocated
to the periphery, resulting in a kinky-tail phenotype in
adults. These observations suggest that Sdacts at an early
stage of mesoderm development involving both sclero-
tome and notochord development and that Skfacts during

the fetal period and at the later stage involving growth
and hypertrophy ot the nucleus pulposus. Although
massive apoptosis in notochord cells was observed in
embryos with targeted disruption of Jun (BERRENS et al.
2003) or Sox5'~ /Sox6~"" (SmrTs and LEFEBVRE 2003), no
apoptotic notochord cells were observed in the Sk
embryos at E16.5 and in neonatal mice. Thus, apoptosis
is not the cause of compression or dislocation of the
nucleus pulposus in Sk“ mice. As the Skt protein con-
tains the coiled-coil wotif that is involved in the forma-
tion of mechanically rigid structures, it is possible that
the nudleus pulposus lacking Skt protein may not be
capable of sustaining mechanical loads, leading to com-
pression or dislocation of the nucleus pulposus.

Although the IVD is formed from two components of
developmentally different origins, the nucleus pulposus
and the annulus fibrosus, interaction of the nucleus
pulposus and annualus fibrosus is not clear yet. In Sdmice,
disappearance of the notochord cells occurs at early stages
of development. THEILER (1988) reported thar the fibers
of the annulus fibrvosus are reduced in Sd heterozygous
embryos and newborns. However, our results suggest that
the annuli fibrosi are not reduced in Sd heterozygous
adult mice. Thus, the annulus fibrosus may be able to
completely compensate for the loss of the nuclens pulpo-
sus during growth after birth. In Skt mice, the thin an-
nulhus fibrosus was observed together with abnonmalities
in the nucleus pulposus. At present, it is not known
whether the thin anaulus fibrosus is caused by the direct
effect of Skt deficiency or indirectly caused by defects in
the nucleus pulposus.

The relationship among the Sk, Etl4", and Sd mu-
tations: Our breeding studies revealed that the genetic
distance between the Skt and Sd loci was .95 cM. We
believe that the Sk gene is distinct from the Sd gene [or
the following reasons. First, anti-Skt antibody detected
the predicted size of protein deduced from the Skigene.
If the Skiwas part of the Sd gene, we should have de-
tected a larger protein by Western blot analysis. But,
we could not detect any such protein. Second, our trans—
cis test demonstrated that both double heterozygotes
exhibited indistinguishable phenotypes, regardless of
whether Sd and Skt were in a #rans- ot a cis-configura-
tion. On the basis of the results by ZACHGO et al. (1998),
Sdis a gain-of-function mutation. As the Skiis a recessive
mutation, producing a hypomorphic or null allele, the
Sd phenotype is expected to be attenuated in the cis
configuration. Therefore, the phenotype in double
heterozygotes in the fransconfiguration might be more
severe than that in the ris-configuration if the Skt gene is
part of the Sd gene.

We have shown that the Etl4“” locus is located in the
third intron of the Skt gene. Interestingly, a sequence
that has 93% homology to consensus sequence 3 (CS3)
in node/notochord enhancers of Hnf33 (NisHIZAKI
et al. 2001) was found in the fourth intron of the Skt
gene, located 106 kb downstream of the insertion site of
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Et4*. As the expression patterns of Eil4*” are quite
similar to those in Sk’ mice and as Etl4“? mice have
similar kinks in the tail region (ZAcHGO e al. 1998), the
lacZ gene in the enhancer trap vector may be expressed
under the control of this possible node/notochord en-
hancer. ZacHGO ¢t al. (1998) reported that the Etl4**locus
is localized ~0.75 M distal to Sd and that the Sd phe-
notype is attenuated when Et/l47is presentin ¢is. These
results suggest that the possible enhancer sequence in
the fourth intron of the Skt gene functions also as the
enhancer for the 84 gene and that the insertion of an
enhancer trap vector in the third intron, as found in the
Etl4#*1ine, may eliminate the enhancer function for the
Sdgene, resulting in the attenuation of the Sdphenotype.

Future 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

Gene trapping is a method of generating murine
embryonic stem (ES) cell lines containing insertional
mutations in known and novel genes. A number of
international groups have used this approach to cre-
ate sizeable public cell line repositories available to
the scientific community for the generation of mutant
mouse strains. The major gene trapping groups
worldwide have recently joined together to central-
ize access to all publicly available gene trap lines
by developing a user-oriented Website for the
International Gene Trap Consortium (IGTC). This col-
laboration provides an impressive public informatics
resource comprising ~45 000 well-characterized ES
cell lines which currently represent ~40% of known
mouse genes, all freely available for the creation
of knockout mice on a non-collaborative basis. To

standardize annotation and provide high confidence
data for gene trap lines, a rigorous identification and
annotation pipeline has been developed combining
genomic localization and transcript alignment of
gene trap sequence tags to identify trapped loci.
This information is stored in a new bioinformatics
database accessible through the IGTC Website inter-
face. The IGTC Website (www.genetrap.org) allows
users to browse and search the database for trapped
genes, BLAST sequences against gene trap sequence
tags, and view trapped genes within biological path-
ways. In addition, IGTC data have been integrated into
major genome browsers and bioinformatics sites to
provide users with outside portals for viewing this
data. The development of the IGTC Website marks a
major advance by providing the research community
with the data and tools necessary to effectively use
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public gene trap resources for the large-scale charac-
terization of mammalian gene function.

INTRODUCTION

The large and continually growing number of genome
sequencing  projects provides an  opportunity to greatly
advance our understanding of genetics and disease. One of
the keys to realizing this goal is the development of genomic
resources to elucidate functional characteristics of these genes,
especially in mammalian genomes. The mouse is an especially
useful mammalian model system, providing an excellent sub-
ject for studies of gene function because of its short genera-
tional span, ease of handling, and the close structural and
functional similarity of its genome to that of humans (1,2).
Furthermore, using this organism, scientists have access to a
wide range of procedures for genetic manipulation, including
the use of embryonic stem (ES) cells to create mice with
defined single-gene mutations using gene targeting and
gene trapping techniques (3).

Gene trapping is a high-throughput method of creating
mutagenized ES cells for use in generating knockout and
other mutant mouse strains for research in functional genomics
(4). Second generation gene trap vectors have recently
enhanced the value of the method by offering the potential
for creating conditional and other desired alleles using site-
specific recombination (5~7). Major scientific initiatives are
currently underway in North America and Europe to knock out
every mouse gene in ES cells in order to characterize gene
function and provide insight into systems associated with
human disease (8,9).

A number of gene trap projects have already made notable
progress toward this goal by generating resources of gene trap
mouse ES cell lines harboring well-characterized insertional
mutations (6,7,10-14), although until now the individual gene
trap projects have been isolated, providing only details about
their own cell lines. The International Gene Trap Consortinm
(IGTC) is a collaboration representing the major public gene
trap resources worldwide, whose mission is to offer the sci-
entific community access to all publicly available gene trap
cell lines on a non-collaborative basis for nominal handling
fees (15). The centralization of gene trap resources provides
many advantages to the research community, allowing more
effective utilization of the experimental opportunities offered
by gene trap cell lines through standardized protocols for the
identification and annotation of sequences from trapped loci,
and the increased availability of experimental protocols. As

Table 1. IGTC members
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reported here, the release of the IGTC Website (www.
genetrap.org) marks a major advance, generating a standard-
ized informatics pipeline and providing in one place both casy
access to all publicly available gene trap cell lines and sophis-
ticated tools for analysis of resource data. Gene trap centers
currently involved in this effort are listed in Table 1.

IGTC: RESOURCE OVERVIEW

The IGTC Website centralizes access to all publicly available
gene trap cell line data for the first time. This repository was
created to address the needs of the international gene trap
community by providing researchers with the data and infor-
matics tools necessary to find gene trap cell lines with muta-
tions in genes and loci of interest. IGTC member projects
produce gene trap cell lines and directly submit gene trap
sequence tags to the Genome Survey Sequences Database
(dbGSS) division of GenBank at NCBI (16). Data from all
publicly available cell lines are downloaded from dbGSS and
subjected to the [GTC identification and annotation pipeline,
which then automatically populates the MySQL database used
to generate the annotation information presented on the Web-
site. The IGTC Website has beeu designed to provide easy user
access to the extensive array of assembled gene trap informat-
ics data. Interface options include homology searches using
BLAST, search and browse capabilities, and viewing trapped
genes within biological pathways. The project also includes
the integration of gene trap data at major genome browsers and
other informatics data sites in order to offer a variety of outside
portals to this data. Cell line requests from the IGTC site are
forwarded to the originating gene trap resource, where the cell
line is removed from cryogenic storage and sent to the user for
experimental apalysis. The IGTC site also provides useful
documentation, on-line tutorials and scientific overviews on
gene trapping and the vse of geoe trap cell lines.

GENE TRAP IDENTIFICATION AND ANNOTATION
PIPELINE

Gene trap mutations are characterized through a process of
sequencing, identification and annotation. This process
involves obtaining cDNA or genomic sequence upstrearmn or
downstream of the insertion site and identifying and annotat-
ing the locus at which the insertion occurs. A full identification
and annotation protocol has been developed for the IGTC that
integrates  genomic and (ranscript-based identification
approaches and adds information from other major informatics

1GTC members Cell fines Website

Baygenomics (USA) 9848 www.baygenomics.ucsf.edo/

Centre for Modelling Human Disease (Toronto, Canada) 4137 www.cmhd.ca/genetrap/

Embryonic Stern Cell Database (University of Manitoba, Canada) 8559 www.EScells.ca/

Exchangeable Gene Trap Clones (Kumamoto University, Japan) 49 egtc.jp/show/index

German Gene Trap Consortium (Germany) 13031 www.geneteap.de/

Sanger Institute Gene Trap Resource (Cambridge, UK) 7354 www.sanger.ac.uk/PostGenomics/genetrap/
Soriano Lab Gene Trap Database (FHCRC, Seattle, USA) 1627 www.fhere.org/science/labs/soriano/trap.html
Telethon Institute of Genetics and Medicine-TIGEM (Naples, Ttaly) 1435 core.tigem.it/genctrap/public/

TOTAL 44605
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Figure 1. IGTC identification and annotation pipeline. IGTC members submit
gene trap cell line data to dbGSS. The first step of the IGTC pipeline is the
downinad of all publicly available gene trap cell line data from dbGSS. Gene
trap sequences are then processed through the dual identification protocol based
on genomic localization and transcript alignment using MapTag and Autoldent,
respectively. Returned homologous genomic regions and transcripts are aligned
to genomic sequence to generate confirmed overlapping sequence regions,
which are ased as the primary identification data. Confirmed genomic coordi-
nates are queried against major informatics databases o obtain annotation data
for the genomic locus identified, and the returned data are enfered into the
IGTC database.

resources, such as genome browsers and specialized informat-
icy sites to annotate the identified loci (Figure 1). Use of both
genomic and transcript-based annotation metheds were incor-
porated to increase confidence in identification and localiza-
tion on the genome of trapped loci, providing a significant
improvement over identification strategies previously in vse.
This pipeline was designed to be both robust and flexible,
allowing the incorporation of multiple methods of identifica-
tion and mapping and the future integration of new genomic
data resources that may be developed.

Gene trap cell line sequences are submitted by each indi-
vidual gene trap resource to dbGSS along with relevant ancil-
lary information about the cell line, including its original
source and the vector used in the trapping experiment. Within

dbGSS, IGTC sequences are grouped using LinkOut (17)
(http://www.dlib.org/dlib/march02/03inbriefhtml  KWAN),
which links gene trap dbGSS entries to the IGTC Website.
Requiring gene trap cell lines to be entered into dbGSS ensures
that all IGTC lines are in the public domain, and that all data
are consistent, transparent and freely accessible. Researchers
can access additional information about methodology and pro-
tocols from the original trapping experiment via links Lo the
individval gene trap project sites (Table 1).

The two complementary programs, MapTag (15) and
Autoldent (12), are uvsed to locate the trapped gene on the
mouse genome by analyzing the similarity between the
unidentified gene trap sequence and genomic and transcript
sequences, respectively. The minimum region of genomic
overlap serves as the primary identification data, from
which all subsequent annotation is derived. Finally, the iden-
tified map coordinates are annotated with gene featores
obtained from major genomic and informatics databases.

Genomic localization: MapTag

MapTag was developed as an automated method of identifying
homologons genomic regions for gene trap sequences using
the Ensemb! database (18) and SSAHA algorithm (19). Map-
Tag identifies matches in genomic sequence and assembles
individuoal related stretches of genomic similarity using a basic
splice model that takes into account exon boundaries, allowing
the processing of nucleotide sequences of cDNA or genomic
origin. The program filters alignment results, applying simple
heuristics nsing the overall match length, percent identity and
exon coverage, and filtering to remove psendogenes, to deter-
mine the best match. As gene trap sequence tags are typically
short and imperfect, they can be difficult to identify to a unique
locus. The protocol used by MapTag greatly improves the
ability to differentiate between matches that show comparable
levels of similarity by correctly selecting the result that
exhibits a correspondence to the insertion site. The program
returns the identified genomic region and an estimate of the
match confidence.

Transcript identification: Autoldent

The pipeline also uses transcript identification to provide an
independent and orthogonal identification method. Autoldent,
an antomated protocol developed by BayGenomics, uses the
BLAST (20) algorithm to identify the most similar sequences
in the GenBank non-redundant nucleotide database at NCBIL.
When the program identifies many high-scoring matches to
very similar (synonymous) genes, Autoldent adds steps to
filter resuits and condense synonymous transcripts to obtain
a single result. The program applies stringent criteria for
acceptance of a high-quality gene identification but allows
more relaxed criteria to identify multiple matching sequences
or to a homologous sequence in another specics. At the end of
the process, Autoldent returns the best match transcript along
with alignment data.

Identification reconciliation and confirmation

Genomic and transcript identification data are stored in the
IGTC database. The pipeline then compares results from
the two identification protocols, using overlap between the
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genomic coordinates from MapTag and the genomic localiza-
tion of transcripts returned by Autoldent to confirm the iden-
tification. Gene trap sequences are assigned as localized when
the genomic and transcript map coordinates overlap, or when
only one protocol returns map coordinates. If the identified
coordinates conflict or neither protocol returns map data, the
gene trap sequence is classified as unlocalized and does not go
through the rest of the annotation pipeline. This reconciliation
step assures that each identified cell line is mapped to a
genomic insertion locus with high confidence and in 4 manner
that is fully documented.

Annotalion of gene trap cell lines

Gene trap cell line annotation is based on the confirmed
genomic coordinates as the primary identification data. Map
coordinates are used to query the Ensembl and Entrez (21)
databases to obtain gene features for the identified locus.
These accessions are used as primary keys to further query
Ensembl, Entrez and the Mouse Genome Informatics (MGI)
resource (22) for secondary annotation data associated with
the trapped genes, including major gene accession systems,
Gene Ontology classifications (GO), protein domain, structure
and function, PubMed and phenotype data, homology and
orthology data, and microarray probesets. In addition to sup-
porting an extensive array of informatics data, the IGTC site
also includes tissue-specific expression data from the SymAt-
las project (23) and biological pathway and GO hierarchy
diagrams with trapped genes marked, produced using the
GenMAPP program (24).

The IGTC database

The IGTC uses the open source MySQL database platform
(www.mysql.com). The database is populated in an automated
process using results from the MapTag and Autoldent
identification protocols and is structured to optimize informa-
tion access via Web queries. New gene trap cell line entries
in dbGSS are downloaded weekly and run through the IGTC
pipeline. Identification results from MapTag are updated
with each Ensembl build and Autoldent is programmed to
regularly BLAST sequences in the database to update acces-
sion numbers and other changes in the information provided
by GenBank. Annotation data generation is synchronized
with the Entrez, MGI and Ensembl databases, and the
IGTC database is updated by downloading information
from these sites as necessary. The information in the IGTC
database is available upon request in a tab-delimited or data-
base compatible format.

ACCESSING GENE TRAP DATA

The IGTC site provides a user-friendly approach to gene trap
data, allowing researchers to access the gene trap database
from a sequence, accession number or 1D, expression or path-
way perspective using a variety of interfaces for searching and
viewing gene trap data. The site is organized around the cell
line annotation page, where the user can view all annotation
data for a selected cell line (Figure 2). Primary identification
and annotation data appear at the top of the page with a link to
detailed identification results. This is followed by expandable
lists of secondary annotation data, which provide information
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useful in the selection and analysis of cell lines of potential
interest. Below this is a section containing details about the
cell line and gene trap vector, including primer sequences and
adescription of the vector properties. To aid in the comparison
of insertion sites of different cell lines that trap the same gene,
the bottom of the cell line annotation page contains a diagram
showing the gene trap sequence aligned to the transeripts
returned by Autoldent. The Website provides a similar anno-
tation page for all trapped geuves, organized by gene ID.
Researchers can also access gene trap data via links from
other major informatics resources, including the genome
browsers and primary accession pages at NCBI (25), Ensembl
(26) and UCSC (27).

The IGTC Website offers users diverse ways to find gene
trap cell lines, ranging from searches using protein data,
microarray probesets or nucleotide sequences, to screening
for traps placed in the context of biological pathways or in
genes that demonstrate a particular expression profile. Figure 3
lists the ways in which gene trap data can be accessed, cate-
gorized by access type, details about available data type and
data access point. Users can search the IGTC database by
accession number, ID or keyword and chromosomal location.
Results from database searches are displaved as a list of
cell line IDs or gene symbols, which link to the individual
cell line or gene annotation page. These lists can be exported
as tab-delimited files for use in spreadsheet programs or
custom databases. Users can also browse the database by
MGI Marker Symbol, Gene Name or chromosome location.
BLAST analysis can be performed using nucleotide sequence
for a gene or locus of interest to search against gene trap
sequences or genomic sequence of trapped genes. Trapped
genes can be viewed with a pathway perspective using bio-
logical pathway diagrams and functional GO groupings,
which are colored by the number of cell lines available for
each gene. Users can also search for traps in genes with a
designated expression profile by selecting a tissue of interest
and choosing the expression level of the gene relative to the
median tissue expression.

Finally, users can browse gene trap cell lines displayed at
major external informatics sites, such as genome browsers and
gene pages. IGTC cell lines have been mapped to genomic
sequence using the NCBI map viewer, UCSC genome browser
and Ensembl genome browser. IGTC gene traps are main-
tained at these sites cither as standard map tracks or as
user-configured tracks. (Users should follow site-specific
directions to view gene trap data using these browsers.) In
addition, gene trap cell lines are listed on some of the
major gene pages and in mouse strain resource databases,
and the IGTC maintains a full list of partnering sites. By
integrating gene trap data into the larger context provided
by these bioinformatics resources, the IGTC can reach
more potential users who are interested in genomic resources
and functional genetics.

SUMMARY

The establishment of the IGTC database and Website marks
a major advance in making large-scale mouse knockout
resources available to the scientific community. Through the
collaboration of gene trap projects worldwide, a standardized
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Figure 2. IGTC Website cell line annotation page. The image provides anexample of the main data page for gene trap cell Jines. Users can view primary identification
and annotation data, with a link to detailed reports from the IGTC pipeline. An extensive amount of related annotation data is also presented to give researchers more
information about the trapped Jocus. Finally, the page shows details about the cell line and vector and an image showing all gene trap cell fine sequences aligoed to the
trapped gene. From this page. users are directed to the IGTC member site for cell fine requests.
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Figure 3. Gene trap data access. Several methods for users to find gene trap cell lines of interest are illustrated.

identification and annotation pipeline has been developed
to analyze gene trap data and offer the dala access tools
necessary for maximum resource utility. For the first time,
researchers investigating gene function in the mouse can
query all publicly available gene trap ES cell lines at a single
site. The IGTC Website contains approximately 45 000 cell
lines harboring rmutations in nearly 40% of mouse genes (15),
including many genes with gene trap cell lines represevting
multiple mutant alleles. Researchers can search and browse
the resource based on accession numbers or IDs, keywords,
sequence data, tissue expression and biological pathways, and
can also access the IGTC site from other major informatics
sites. Furthermore, they can easily request IGTC cell lines for
functional characterization of gene function and disease mod-
els. For example, BayGenomics cell lines are available from
the Mutant Mouse Regional Resource Center (MMRRC) at
the University of California Davis (www.mmrrc.org). The
MMRRC-UC Davis also offers to microinject ES cells to
derive knockout mice for investigators. Soon, the Soriano
and TIGEM collections will also be available from the
MMRRC. The IGTC Website will grow and continue to
develop new tools and features as the diversity of trapped
genes and experimental options for using gene trup cell
lines expand.
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Abstract

Importin B1 (Impp)/karyopherin p1 (Kpnbl) mediates the nuclear import of a large variety of substrates. This study aimed to inves-
tigate the requirement for the Kpnb! gene in mouse development, using a gene trap line, B6-CB-Ayu8108'$¢*'MEC ( 4yu8108%"), in which
the trap vector was inserted into the promoter region of the KpnbI gene, but in reverse orientation of the Kpnbl gene. Ayu8108%°/%®
homozygous embryos could develop to the blastocyst stage, but died before embryonic day 5.5, and expression of the Kpnbl gene in
homozygous blastocysts was undetectable. We also replaced the fgeo gene with Impf ¢DNA through Cre-mediated recombination to
rescue Impp expression. Homozygous mice for the rescued allele Ayu8/08" /"0 were born and developed normally. These results dem-
onstrated that the cause of post-implantation lethality of Ayu8108%c°/s® homozygous embryos was impaired expression of the Kpnbl
gene, indicating indispensable roles of Impp1 in early development of mice.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Importin B1; Gene trap; Cre/flox 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 B1 {(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, Impp interacts with
nuclear envelope-localized nuclear pore complexes
(NPCs) and carries the importina/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.bbre.2005.12.151

RanGTP, which exists predominantly in the nucleus,
binds to Impp and induces the release of import cargoes.
Thereafter, individual importins are recycled back to the
cytoplasm. Thus, Impp 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 spindie formation
and of aster promoting activity (APA) during mitosis [7-
10]. Two microtubule organizing components, NuMA
and TPX2, which are retained in the nucleus during inter-
phase, bind to Impf via importina during mitosis and are
kept away from chromatin. RanGTP releases NuMA and
TPX2 from importin o/f heterodimer around chromo-
somes and promotes spindle formation.

-281-



K. Miura et al. | Biochemical and Biophysical Research Comnumnications 341 (2006) 132138 133

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, importina, 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, Impp
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
ImpP in Drosophila.

In order to identify the requirement for the imporiin/
karyopherinfil (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 Imppl 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 (ECMYV), the f-galactosidase/neo-
mysin phosphotransferase fusion gene (figeo), loxP, the SV40 polyade-
nylation sequence (pA), and pUCI9 (Fig. 1A). In order to replace the
figeo gene with the Impp cDNA sequence, a replacement vector car-
rying lox66-Impf cDNA-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 PsiI or Sphl, followed by self-ligation,
and introduction into Eseherichia coli cells by electroporation. The
recovered plasmids were mapped by restriction enzymes and sequenced
using the dideoxy chain termination method using 2 BigDye Terminator
Cycle Sequencing (Perkin-Eimer, 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.

B T pa
581 neoFneoR ‘5524
M13-R
C ++ geo/geo +/geo

P3/P4 <4~ 638bp

M13-RIP4 < 628bp

Fig. |. 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 /ox71 and loxP to exchange the Pgeo 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 Kpnb! 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, Ncol;
Sp, Sphi; P, Pstl. (C) Genotyping by PCR. The primer pairs neo-F/neo-R
and P1/P2 were used to detect the Ayu8108° 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
a 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 30's, 58 °C for 305, and 72 °C for
60 s, using 0.5 U AmpliTaq DNA polymerase (Roche). To identify the
wild allele, the primers P1 (5" ATTGGCCGGACGGCTAGCGT-3') and
P2 (5-GCTGAGCCCGAAGGCCTTTA-3') were used. PCR conditions
were 30 cycles of 94 °C for 305, 58 °C for 60s, and 72 °C for 60 s, using
0.5 U LA Tag DNA polymerase (TaKaRa, Shiga, Japan).

For blastocysts and cultured embryos, individual embryos were lysed
for 5min in 2 pi of 0.005% SDS, 0.035N 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 (5'-AGGAAACAGCTATGACCATGA-Y)
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 RINA was reverse-transcribed using Superscript I (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
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Master SYBR Green I Kit (Roche). PCRs were performed using Bl (5'-
TAACCATCCTCGAGAAGACC-3') and B2 (5-ATCCCCTGGATT
ATGGCAGT-3') primers, and 40cycles of 95 °C for 30's, 60 °C for 30s,
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 E5.5 embryos. Heterozygous and wild-type
females were superovulated and mated with heterozygous males. Fertilized
eggs were coliected 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 pl
water. First-strand cDNA was synthesized using 9 pl 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 Kpnbhl genes were
detected using primers neo-F and neo-R, and primers B3 (5'-CTCTTCA
GAATGTTCTCCGG-3') and B4 (5-GATCTCCGCCCTTCAGTTAA-3'),
respectively. Pericentriolar material-1 (PCM]1) 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 30 s using 0.5 U LA
Tag DNA polymerase (TaKaRa). In the case of adult mice, 10 pg 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 Kpnb! gene,
primers E3 (5-GTTCGAGCTTGGAATTCATG-3') and B5 (5'-CCGT
CGAGCATTAGCATCAA-3), and B3 and B6 (5-CCTCTC
ATTCCCAAGCATTC-3'} were used, respectively. PCR conditions were
35 cycles of 94 °C for 30's, 58 °C for 60 s, and 72 °C for 60 5 using 0.5 U
AmpliTaq polymerase (Perkin-Efmer).

S-rapid amplification of ¢cDNA ends (RACE} and 3'RACE analyses.
Total RNA was prepared using Sepazol reagent (Nacalai Tesque, Kyoto,
Japan), and mRNA 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 S'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
TGTTAGGGTTCTTCTTC-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
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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 fgeo 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 Kpnbl transcription initiation
site. The trap vector was integrated at 225 bp upstream of
the first exon, however, direction of transcription of the
Pgeo 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°"¢¢™MEG ( 4y,,,81085°) 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 fgeo were detected in the brain, heart,
lung, kidney, and testis using RT-PCR (data not shown).

To identify endogenous transcripts fused to the fgeo
gene, we performed 5S’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
scarch 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 Kpnbhl 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 5'-
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 Ayu8l 08778 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™5¢° 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.
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Fig. 3. Comparison of expression levels of the Kpnh! gene between wild-
type and Ayu8I08+/#* heterozygous mice by Real-time RT-PCR. Total
RNAs from liver (# = 6), kidneys {# = 6), and testes (n = 5) of wild-type
(+/+, black bars) and Ayu8108+/#* (+/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 s-test).

Apu81085°°'€°° homozygous embryos were lethal after
implantation

Apu8108+/¢¢° heterozygous mice were healthy in appear-
ance and fertile. To investigate the phenotype of Ayu8108-
8e9/g 1 omozygous 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 |, 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 decrecased 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/+  geo/geo  Resorbed  Total
(o) (%) (7o)

Blastocyst 6 (33.3) 9 (50.0) 3167y — 18

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

E7.5 18(29.1) 27 (43.5) 0 17(274) 62

EL0.5 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 ES.5 embryos

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

+/+ X +/geo 48 4 8.3

+/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 ES.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 4yu81085<°/8<
homozygous embryos could develop to the blastocyst stage
(E3.5), and hatch out, but they died shortly after implanta-
tion by ES.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 [ffgeo(—)/Kpnbl(+)],
34 (49%) showed heterozygous expression pattern
[Bgeo(+)/Kpnbl(+)], and 15 (21%) showed homozygous
expression pattern [fgeo(+)/Kpnbi(—)]. Results of geno-
typing and RT-PCR indicated that expression of the Kpnbl

Kpnb1/lmpp

Bgeo
PCM-1 [

Expected genotype  +/+  +/gec  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 figee gene
(middle panel). Detection of PCM-1 mRNA was performed as positive
control (lower panel).

—-28b~

gene was undetectable by RT-PCR in Ayu8108%°/¢
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
Bgeo gene of the trap vector with Impf cDNA, using the
Cre/mutated lox recombination system as outlined in
Fig. 5A. The inserted Impp 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,
Ayu8108/"7! by Southern blotting and PCR analyses
(Fig. SB). Then, the Ayu8108"""" mouse line was estab-
lished from one of the replaced clones through production
of germline chimeras. Heterozygous Ayu81087"7# mice
were crossed, to obtain and examine phenotype of
Ayu8108™PHIPE homozygous 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""7"""# homozygous mice appeared
healthy. Expression of the endogenous Kpnbl gene and
of the inserted ImpB cDNA was analyzed by RT-PCR
using specific primer pairs for each transcript. As shown
in Fig. 5C, expression of the integrated Impfl cDNA was
detected in heterozygous and homozygous mice. Unexpect-
edly, the endogenous Kpnbl gene was expressed in
Ay148108[’””ﬁ”""’ﬁ homozygous mice. This demonstrated
that recovered Impp 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, transeripts 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 Impp protein was indis-
pensable for the development of early stage embryos, and
that any other importin} family members could not com-
pensate for nuclear import activity.

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



