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A Novel Murine Gene, Sickle tail, Linked to the Danforth’s short tail Locus,
Is Required for Normal Development of the Intervertebral Disc
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ABSTRACT

We established the mutant mouse line, B6;CB-Skt“v$02/™MEG (Ski) | through gene-trap mutagenesis in
embryonic stem cells. The novel gene identified, called Sickle tail (Skt), is composed of 19 exons and en-
codes a protein of 1352 amino acids. Expression of a reporter gene was detected in the notochord during
embryogenesis and in the nucleus pulposus of mice. Compression of some of the nuclei pulposi in the
intervertebral discs (IVDs) appeared at embryonic day (E) 17.5, resulting in a kinky-tail phenotype showing
defects in the nucleus pulposus and annulus fibrosus of IVDs in Skt®/“ mice. These phenotypes were dif-
ferent from those in Danforth’s short tail (Sd) mice in which the nucleus pulposus was totally absent and
replaced by peripheral fibers similar to those seen in the annulus fibrosus in all IVDs. The Ski gene maps
to the proximal part of mouse chromosome 2, near the Sd locus. The genetic distance between them was
0.95 cM. The number of vertebrae in both [Sd +/+ Skt*] and [Sd Skt*/+ +] compound heterozygotes was
less than that of Sd heterozygotes. Furthermore, the enhancer trap locus Et/4#“7, which was previously
reported to be an allele of Sd, was located in the third intron of the Skt gene.

HE notochord is an integral component of the
axial structure of vertebrates, functions as a signal-

ing center during embryogenesis, and plays essential
roles in patterning of both somites and the neural tube
(ANG and RossaNT 1994; WILSON et al.1995; CHIANG
et al.1996). In addition, the notochord has major roles
in vertebral column formation. In the mouse, the noto-
chord is a continuous rod of constant diameter ex-
tending from the hypophysis to almost the tip of the tail
at embryonic day (E) 9.5. At E10.5-E11.5, signals from
the notochord induce the migration, proliferation, and
fusion of the sclerotome to form a continuous and
unsegmented perichordal tube around the notochord
and neural tube. At 12.5, mesenchyme acquires a char-
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acteristic metameric pattern of densely packed areas
caudally and loosely packed areas cranially. Some densely
packed cells move cranially and give rise to the annulus
fibrosus of the future intervertebral disc (IVD). The re-
maining densely packed cells fuse with the immediately
caudal loosely packed cells to form the cartilaginous
primordia of the vertebral bodies. Notochord cells located
in the vertebral body of cranial regions start to relocate
into intervertebral regions (PaavoLra et al. 1980; Rural
et al. 1995; Aszop1 et al. 1998). At E13.5, the vertebral
regions are enlarged and chondrified. The notochord
proliferates and undergoes hypertrophy to form the ge-
latinous center of the intervertebral disc, called the
nucleus pulposus. This nucleus is surrounded by the
circularly arranged fibers of the annulus fibrosus. These
two structures together constitute the IVD (LANGMAN
1969; THEILER 1988). At E14.5, nearly all chondrocytes
are hypertrophied. Starting from E14.5, the annulus
fibrosus can be subdivided into a fibrous outer annulus
and a cartilaginous inner annulus. At E16.0, notochord
cells complete relocation from vertebral regions into
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intervertebral regions. Failures in somite, neural tube,
and notochord formation are closely correlated with
vertebral malformations. However, the mechanisms that
underlie the formation of IVDs are largely unknown.

In the mouse, several mutations are known to affect
the formation of the vertebral column due to functional
defects in the notochord, including Danforth’s short tail
(Sd) and the enhancer trap line (Eti4?*). Sd, located on
chromosome 2 (LANE and BIRKENMEISER 1993; ALFRED
et al. 1997), is a semidominant mutation affecting the
development of the vertebral column and the urogen-
ital system (DUNN et al. 1940; GRUNEBERG 1953, 1958).
At E9.5, the notochord shows discontinuities. At E11.5,
mesenchymal organization around the notochord is ab-
normal. At E13.5, the notochord is fragmented and
does not show proliferation and dilatation. Chondrifi-
cation is much reduced in vertebral regions. Thus, an
early reduction of the notochord results in cellular
degeneration in the sclerotome, leading to reduced
vertebral bodies and a characteristic short tail due to a
reduced number of caudal vertebrae. Homozygous Sd
animals show a similar but much more severe tailless
phenotype. In the enhancer trap line, Et/4“, a reporter
(lacZ) gene was inserted near the Sd locus and was ex-
pressed in the notochord, mesonephric mesenchyme,
and apical ectoderm ridge (GOSSLER et al. 1989; KORN
el al. 1992; MAATMAN et al. 1997; ZACHGO et al. 1998).
Etl4“* homozygotes exhibited kinks in the caudal re-
gion of their tails and a synergistic genetic interaction
between Etl4“” and Sd was observed. Genetically, Etl4“*
and Sd are separated by 0.75 cM. Interestingly, at-
tenuation or enhancement of the Sd phenotype was
observed when the Etl4” insertion was in a cis- or lrans-
conformation, respectively. This suggests that Etl4” is
an allele of Sd, presumably by trapping a cisregulatory
element of the Sd gene, and that Sdis a gain-of-function
mutation (ZACHGO et al. 1998). Nevertheless, neither the
cis-element nor the trapped gene has been identified.

In this study, we report a new mutant mouse line, Skt
obtained by gene-trap mutagenesis in embryonic stem
(ES) cells. Skt®/“ mice exhibit a kinky tail in the caudal
vertebral columns due to malformation of the IVDs.
The gene identified, Sickle tail (Skt), was expressed in the
notochord, its derivative nucleus pulposus, and in the
mesonephros. Interestingly, the Skt gene maps to the prox-
imal part of mouse chromosome 2, near the locus for Sd,
and the lacZ insertion site in Etl4"* was found to be lo-
cated in the third intron of the Skigene. Furthermore, a
cumulative effect of the Ski“ mutation on the Sd mutant
was observed.

MATERIALS AND METHODS

Generation and genotyping of mutant mice: The gene-trap
method using the pU-8 trap vector was previously described
(ARAKI et al. 1999). Chimeric mice were produced by the ag-

gregation method using ES gene-trap clones and morulas of
ICR (Charles River, Wilmington, MA) mice, and the chimeric
mice were mated with C57BL/6 (CLEA) females to obtain F,;
heterozygotes. Sd mice were purchased from the Jackson
Laboratory (Bar Harbor, ME) and propagated by in vitro fer-
tilization. Sd +/ + Ski“ mice were generated by mating Sd +/+
+ mice (C57BL/6 genetic background) to Skt®/ mice with a
C57BL/6 genetic background. One heterozygote carrying the
Sd mutation and the Skt” insertion on the same chromosome
(Sd Skt“/ + +; cisconfiguration) was obtained through mating
between transheterozygotes and wild-type C57BL/6 mice. Sd
mice were distinguished by external inspection. Genotyping
for Skt* alleles was done with PCR using tail genomic DNA
as a template. For the wild-type allele, the 5’ primer, GTS
(5'-CCACCCCTACATGTGTCTTT-3'), and the 3’ primer, GTA
(5'-CGAGTAAGTAACATCCCTCC-3") located in the 14th in-
tron, were used to generate a 339-bp wild-type fragment. To
detect the trapped allele, the 5" primer, called Z1 (5'-GCGTT
ACCCAACTTAATCG-3"), and the Z2 (5-TGTGAGCGAGTAA
CAACCCG-3'") located in lacZ gene, were used to generate a
320-bp fragment.

Skeletal preparations: After tail skins were peeled off, tails
were fixed in 95% ethanol for 3 days. Tails were cleared by
placing in 1% KOH for 1 day and were stained in alizarin red
for 1 day until the bone was red. Excess stain was removed with
2% KOH. After removing excessive alizarin red stain, tails were
transferred to glycerol (HoGAN et al. 1994).

To count the number of vertebral bodies, we examined all
mice by X-ray photography. We counted the number of nor-
mal vertebral bodies, that is, those without obvious malforma-
tions, but did not consider the size reduction observed in the
vertebral bodies of Sd mutants.

Cloning of genomic DNA and cDNA: Plasmid rescue to
obtain flanking genomic DNA was performed as described
(ARAKI et al. 1999). The 5-end of the cDNA of the trapped
gene was isolated by 5'-rapid amplification of cDNA ends (5'-
RACE) using the 5'-RACE system (Invitrogen, Carlsbad, CA).
Total RNA from a B6;CB-Ski“»"5?1"™~¢ gene-trapped ES clone
was extracted by using Sepasol-RNA I (NACALAI TESQUE,
Kyoto, Japan), and then poly(A)+ RNA was isolated with an
oligo(dT) column (Takara Biomedicals, Shiga, Japan). First-
strand cDNA synthesis from 1 g of poly(A)+ RNA was per-
formed with reverse transcriptase from ReverScript (Wako,
Osaka, Japan) and with the primer SA13 (5-TCTGAAACT
CAGCCTTGAGCGC-3") in the splice acceptor (SA) sequence.
After dCTP tailing with terminal deoxynucleotidyl transferase
(Invitrogen), cDNA was purified using a QIAquick nucleotide
removal kit (QIAGEN, Chatsworth, CA). The initial PCR was
performed using the primer SA10 (5'-AGCAGTGAAGGCTGT
GCGA-3') in the SA sequence and the anchor primer (5'-
GGCCACGCGTCGACTAGTACGGGIiGGGiiGGGIiG-3")  (In-
vitrogen). Then, nested PCR was performed using primer 63
(5"-GCTTGTCCTCTTTGTTAGGG-3') in the SA sequence and
the amplification primer (5'-GGCCACGCGTCGACTAGTAC-3")
in the anchor primer sequence. Amplified fragments were
then sequenced directly by the dideoxy-chain termination
method using Big Dye terminator cycle sequencing (Perkin-
Elmer, Foster City, CA).

RT-PCR analysis: RT-PCR was performed using the Ther-
moscript RT-PCR system (Invitrogen) according to the man-
ufacturer’s instructions. The PCR was performed using the
primers a—fin the sense and antisense sequences in the Sktgene.
The sequences of the primers used are as follows: primer-a,
5'-TCACCATGAAGATGCTGGAG-3'; primer-b, 5'-CTACAG
TAAGCACTCGCTGAGC-3'; primer-c, 5'-ACTCCTCAGCCTTG
ATGAAC-3'; primer-d, 5-GTGGTGGTAAGTCCTGATCC-3';
primer-e, 5'-GCCACCTTAAAGACACTAGG-3'; and primer,
5" TGAGGAGGAAGAGGTAGTAG-3'. The PCR conditions were
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94° for 1 min, 55° for 2 min, and 72° for 2 min using 0.5 units
of Taq polymerase for 30 cycles.

Northern blot analysis: Total RNA and poly(A)+ mRNA
isolated from ES cells and embryo and adult tissues were
electrophoresed on a 0.7% denaturing formaldehyde-MOPS-
containing agarose gel and transferred to a positively charged
nylon membrane (Roche). After baking at 80° for 1 hr, the
membrane was prehybridized and then hybridized using the
Skt gene-specific RNA probes and the lacZ RNA probes
prepared using DIG RNA labeling and detection kit (Roche).

Detection of B-galactosidase (lacZ) activities: Whole-mount
X-gal staining was performed according to the method of
ALLEN et al. (1988). Samples were fixed for 30 min at room
temperature in fix solution [1% formaldehyde, 0.2% glutar-
aldehyde, and 0.02% NP-40 in phosphate-buffered saline
(PBS)]. Fixed samples were washed two times in PBS and
incubated overnight at 30° in staining solution (5 mM po-
tassium ferricyanide, 5 mm potassium ferrocyanide, 2 mm
MgCly, 0.5% X-gal in PBS). Samples were rinsed twice in PBS,
postfixed in 4% paraformaldehyde, and made transparent
using benzylalcohol/benzylbenzoate (1:2) after dehydration
with a series of ethanol steps (25, 50, 70, 100, and 100%, 1 hr
each). Adult tissues were fixed in 4% paraformaldehyde in
PBS. Tissue sections of 10 pwm were prepared and stained over-
night at 30° with X-gal in staining solution. After staining, sec-
tions were counterstained with Fast Red. For the section of the
intervertebral discs, after X-gal stained tails were refixed in
3.7% formaldehyde/PBS, the caudal vertebral bones were
demineralized in Plank-Rychlo solution and embedded in
paraffin according to standard procedures. Sections of 8 um
were prepared and counterstained with Nuclear Fast red.

Construction and transfection of the Skt expression vector:
To clone the full open reading frame (ORF) of the Skt gene,
RT-PCR was performed using the Thermoscript RT-PCR sys-
tem. The initial PCR was performed using the primer ORFS1
in the sense strand upstream from the start codon in the Skt
gene (5'-ACCGGAGTGGAGACTAGTTG-3") and primer ORFAI
in the antisense strand downstream from the stop codon in the
Skt gene (5'-TGCATGAGGCCTTGAACGATACAG-3'). Then,
nested PCR was performed using the sense-strand primer
ORFS2 (5'-TTTCTGCGAGCTTTCCGAAC-3") and the antisense-
strand primer ORFA2 (5-ACCTTGGTCCTAATAGGATCTG
GC-3"). The PCR conditions used were 94° for 1 min, 58° for
1 min, and 72° for 3 min using 1.0 unit of LA Taq polymerase
(Takara Biomedicals) for 25 cycles. The 4.1-kb PCR products
were cloned into the pGEM-T vector (Promega, Madison, WI).
This cDNA ORF was confirmed by sequencing and cloned into
the pCAGGS expression vector (Niwa et al. 1991). Trans-
fection into BMTI10 cells (GERARD and GLUZMAN 1985) was
carried out by the lipofection method using LipofectAMINE
reagent (Invitrogen).

Western blot analysis: BMT10 cells and 40 pieces of the
nucleus pulposus of caudal IVDs of adult mice were homog-
enized in 2X sample buffer (100 mwm Tris HCl pH 6.8, 4% SDS,
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FIGURE 1.—(A) Tail phenotype of 8-week-old
mice. Ski“/“ mice had kinked tails compared to
wild-type, Skt®*, and heterozygous Sd mice. (B)
Alizarin red whole-mount preparations of the
tails of 8-week-old mice. Skt®/“ mice confirmed
this kinky-tail phenotype. Sd mice showed de-
creased numbers of vertebrae with truncation
at the caudal vertebrae.

12% B-mercaptoethanol, 20% glycerol). Extracts were electro-
phoresed on a 6.0% polyacrylamide gel, transferred to a nitro-
cellulose filter (Immobilon, Millipore, Bedford, MA), and
detected using anti-Skt antibodies with the ECL detection
system (Amersham, Arlington Heights, IL).

Immunohistochemistry: Tails were fixed in 4% paraformal-
dehyde in PBS. The caudal vertebral bones were demineral-
ized in 0.24 m EDTA-2Na, 0.22 m EDTA-4Na solution for 48 hr
and embedded in paraffin blocks. Sections of the IVDs were
immunostained with anti-Skt antibodies by the avidin—biotin
complex method (Vector Laboratories, Burlingame, CA). Sec-
tions were counterstained with hematoxylin.

RESULTS

Generation of Sickle tail mutant mice: A gene-trap ES
clone was isolated by the exchangeable gene-trap method
using the trap vector pU-8 (ARAKI ef al. 1999). We ob-
tained eight chimeric mice of which three were germ-
line chimeras. Heterozygous animals appeared normal
and were fertile. About half (35/66) of the homozy-
gotes, however, showed a peculiar kinky-tail phenotype
(Figure 1A and Table 1). This mutant mouse line was
designated as B6;CB-Skt“"5?"™ME¢ in which Skt means
Sickle tail because of the characteristic shape of the tail.
Shortened and curved caudal vertebrae were apparent
by the age of 2 weeks and were restricted to the 20-25th
caudal vertebrae (Figure 1B). In contrast, heterozygous
Sd mice showed short tails with truncation of vertebral
columns at the 6th caudal vertebral body on average
(Figures 1B and 7A) as reported previously. In Skt
mice, no other skeletal abnormality was observed by bone
X-ray examination (data not shown).

TABLE 1

Summary of genotyping of 4-week-old mice from Skt
heterozygote matings

Gt/ Gt

+/+ Gt/ + Kinked

35 (53%)

Normal“

60 151 31

“All normal-looking homozygotes showed deformity of the
caudal discs by histological analysis.
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GGOATTTCCAGGCCATCCAGCAAGGCARACTTAGAGGCC
40 ATGCTCAAGGTATGCCCACTTGAACTCTAGCT! CCACCCTTGTTTTCAT TTCATCCACAGAACGTTAGCTGAGAAGCACAAATAGACTTTTCAGGAACCCTTCCCATTTGGCAACCT GAAGAACACATGGGGL CTGTCTTGGATTGCATACAGCTGCGAGTCCCGGGAAACC CAGCAGGCTGCGTCCTAGGTCAGCAGAGCCOTCACCTGTTGGGLGGL
280 AGAGGCGGGGACAGCCACCGCCTACAAGACACAGLCCCCAGTCCTGGLGACAGCAGGAGGGTHGLGGALGCTCCGORACCTGGGCCGAGGAGGL CGGGLGCTGRAATGCGGTCTTCCCGEGCGAGGGAGACTTTGCACCGOAGTGEAGACTAGTTGGGETGGGETTTCGCCAGTCCCLTLCGCCCCACCCLCOEGCCCCCTTCCAAGLGCTTTCTGLGAGCTTTCCGAACTGCGCTCTGA
520 AGTTTCCAGAGGGAGAAGLCCOGCCGELCGGLAGOGACAATGGAAGAAAGCGAAGGCCAGAAATGTGAGCCGAACCTGCCTCCCTCCGOAGACAGCAGACAGATGCCCCAACAAGGGAGAAGCAAT CTTCATGTAACATCTCAGGAAGATGCAGCATGL CGLAGGCCCAGGRAACGLCTTTCTAATGGAAACGCCAGGGCTCAGGTTTCCAAGCCTGCCCAAATATCCCAAGGAGACAC
MEESE QK CEPNLPPSGDSROQMPQQGRSNLHVYTSQETDAACRRPRERTLSNGNARAQYSEKPARNTIPRERH

&7
T60 ACTCTAGGTGOGCCCCGAAGTTCCAAAGAGATCCTGOGAATGCAGCCATCTGAGATGLACAGGAAGAGAGAGGCGTTCCTAGAACATCTAAAGL AGAAGTAL CCCCACCATGCCACAGCCATCATGGOC CACCAGGAGAGGL TGAGGGAC CAGAC AAARAGTCCCAAGCTGTCCCACAGTCCTCAACCTCCCAATTTGGGGGATCCGGTTGAACATTTATCAGAGACATCTGOTGALTET
TLGGPRSSKETILGMOQPSEMDREKREHAFLEHLEK QKYVPHHATATIMGH® QERTLTERD TKSPKLSHSPQPPNLGDPYEHLSETSGDS 147

1000 TTGGAAGCCATGTCCGAGGGAGAAGTACCGAGTCCTTTCGLCAGAGGLAGTCGTACTCGLGCGAGCCTTCCCOTGGTGAGGTCGGLCAATCAMCAAAGGARAGATCCCTGEGTGTCCTCTACCTCCAGTAT GGAGAL GAAAC CAAACAGL TGE GEATGLCGAATGAAGTCACAAGCACAGACACAATCCGAGCTCTCTTCGTCAGTGCCTTTCCCCAGLAGCTCACCATGAAGATGLTG
L E M s G EV SPFARGSRTRASLPYVRSANQTIKERSLGYLYLQYGDETHEKQLRMPNEYTSTDTIRALFVYVSAFPQQLTMEKMIL 227

1240 AT T AT ARG A A T T AT AT A T AT AT T A AR TAT LA GA A GAT LT T A G TATA A CAAGGATCCTTCACATGATTTAACCACATGACARAGC LT GANCOEAGACATEAGGATCCAGAGAGAAATTGTTTAT GAA GAGEAGATGGECTTTTG

ESPSY¥ATLIYTLIKDDSG RNSYTYYELHNDVYRHNTIEIQORSLLEKYYHNEKTDPSHATFHNHMTEATYNGDMR R qQ 307

A C(O\EEG[UTTTTGW(-MMuTGTEMA[(GGA‘GMGIEAVEAGUG(MAM[(TGGTTATGTT( 287

1720 llGM.ATGAMGTTT(7AIﬁ((nl(((TTA((TETAT(MGM(tﬂl(GMfG»\ﬁfATAﬁ[(l‘(AT((CATGG(EG((l((UT[GI]lI‘Gf(((Aﬁl1CATGT(ATm(GTAf(M(G(AUGEGAT((MT(RE(GAETGCI?K(T TS G(p((TST((LTTGQCM:]UEEMATMll‘AlEGM'E[IGT(ﬁI'TATmt»\ﬁIQCMMK.f(M('.ﬁAMTI(((TGATAG(CATITG((TMUTGEG( pres
1960 TCCMMCGCCCCUEC(TH(UEMCGTCTGGGTWMCMTCAIAGACCTCEAECC(A'_M’(ﬁMCACACAYGGEECC(UCMM:TtTECAGCCMW:(GEE(UCC((CAG!’EGCCAGTCEWTAAMAGMCCGGU(C(.TG(N!.‘M(ATEGAMMCCACEMAUCHE.AMAT[ATCCMCCWAMCCTGGGG(HCUHMTIGAGMGUAMCT

5 PASTP R 1D P G PP T QP DR A EPGT YIE 5 G o VEKQGFA 547
2200 Tﬂ(%UCEﬂET‘(MT((E(mmWG&Em[UGTEMm“ﬂGTGMI\G((l[ﬂGCEMCNGGMEL'MG(lﬁﬂGGTEUGWCGG(EO\TGTl'f[TG(lGGUMGWCTGGG(T(!’GTEUGWET[(UU[EGC(UG((M((((TE(CTE((GUM(TCG((UT((Mﬂ[TMS((?GU’TGMATWUWETGGUUMTCAEGCT((MU

YR 3 TL P DR E s K TANRMNGQADGSGAGTAHYSAGEKYLGSVEFSLPPS PLPAGTSPIHTSLLDMRRNYAE.L q 627

A [(ATGMGAMETAGAG(-ATC((]ﬁ|'A(l!'»({-‘(AG(ECA[((T(‘tﬁTGGMSCMMGMlEAWGT!((T(OKF.MGMMG(GGAYTGT(AMM&TTATGTMKTGGMMETT'HG\'TMGGA(!’TMGMGGA[TETT((\'((AET
MKRLEDPVYQRQRTLVYEQER QKYLHETEERTIVEKKLTC CELEDFVYEDLEKKDSSST 7

2680 GGCAGAGTGGTGACCCTGAAAGATGTGGAAGATGGEGCTTTCCTCCTGLGACAAGTGGEAGAAGLTGTGGCCACTCTCAAAGGAGAATTTCCAACT TTGCAARATAAGATGCGTGLTGTCCTGLGCATAGAAGTTGAGGCAGTAAGGTTCCTGAAGGAAGAGL CACACAAGC T GGACAGTCTCCTGAAGLGTGTGAGGAGCATGACAGATGTCTTGACGATGTTGLGGAGGCATGTCALT
GRVVYTLKDVEDGAFLLROQYGEAVATLKGEFPTLQNKMRAYLRIEVEAVRFLEKETEPHEKLDSLLKRYRSMTDVLTMLRRHYT T
2920 GATGOGCTCCTGAAAGGLACCGATGCATCCCAGGCTGCACAGTATGTTGCCATGGAGAAGGCCACAGE TGCAGAGGTCCTGARGCATCAGGAAGAGACAGCCCATGECCCTEGGARCCLCTCCACTGTAGCAL TGGAAGCCCTGOCGATGTGAAGTCAGRAGTGGTGECCCTATCCACCATGACAGTTCACCATGTACAGAGE TCGCCTGTGGTCATGLAMCCTTCCCAGCACTCCTCA
DG LK TDASQAAQ YV AMEKATAAEVL Q ETAHAPGQPLHCSTGSP GOV KSEVYVPLSTMTVHHYQSSPVYMQPSQHSS 867
3160 GCCTTGATGAACCCAGCCCAGAACTTGCCTGGAGGAACCAGACCTCACACAGCCAGCCCTCCAGCAATCACACAGGAAGTAACCTCTGCCCAGTCAGCTCCAGGCCCCCAGTCCCCTCAGACCCCAGTGAATGGTTCCTCCATGCAGAGCTTGTTCATTGAGGARATTCACAGTGT \GGCAGAAAAGAAATGGGAAGAAARRAGGCAA
ALMNPAQNLPGGTRPHTASPPAITQEVTSAQSAPGPQSPQTPVNGSSMHQSLETIEETIHS SV A E K KWETEEKRDEQ 947
L1027
3640 CCTGGATCAGGACTTACCACCACGAGATCAGGCGATGTGGTCTACACTGGCAGGAGCATGTCTAAGGTGAGCAGT GAAGAC CCTGGGCCAACAC CACAGACTAGAGC CACAAAATGTCCCCCGOAGGAACCTGCCTCAGCCTGGGCCCCATCCCCACCACCAGTCCCTGCCCCTTCCTCC ARAATCATGGCAGAACTCCAGGCATTC
PGS GLTTTRSGDVVYTGRSMSEKVYSSEDPGPTPOQTRATEKCPPETEPASAWAPSPPPVPAPSSKETETETETEETETEGDEKTIMAELR QATF 107
3880 U(NGMGI‘GTTC(TITATGGATGTMATE(MAEAUTCATGUGAGQEAUTCCCGAGC'IMLMC(!CC'I'MMGNCA(TAGGGCAGﬁCGCthhGCE(UCCCMGGAGMGMEGGCYC(lGCMCAC(EC&&lGJ\EAAGCCEGA'IEECM':l'CCCUTGACT‘ECMGMCAM(C(GGMKf.'lEGA‘IMGGEUGEMGQC!GTCCMAETAQCAE&ATCEC(G%WTACCGTQCNGCT 1187

3400 AATCTGGAACACTATAACGGAAMGGAGTTCGAGAAGE TCCTGGAGGAAGC TCAGGCCAACATCATGAAGTCAATTCCAAAL CTGGAGATGLCCCCAGLTTCCAGCCCAGTGTCAAAGGGAGATGLGGCAGGOGATAAGCTGEAGCTGTCAGAAGATTCTCCAAAT TCAGAGCAGGAAT TGGACAAGATAGGGGEAAGTCACCCCCTCCTCCACCCCCALCCCCTCGGAGAAGCTACLTT
N G KEFEKLLETERBMR QAMNTEIMEKSTIFPHNLEMPEPASSPVSKGDAAGDEKLELSEDSPMNSEQ QETLDEKTIGGEKSPPPPPPFPPRRSSY

4120 Anmncmnum.umnmcmmnmm((mrrr((((rr((nl(m(rrcrnﬁn‘rcuﬁ(((mn(cuﬁn(TnﬁumnLmrrrrnn((rr((r.(mrinnauur.(T(Tu(n((((nmu((mnmm({n(mrm(nrm((((r(T(nn(:((mr.(Aﬁmnm((Gnuﬂ((G(W(((T:M(((rrnmnnnT
N G AKKAGGDCKPTSPS P ASKIPALSPSSGEKSSSLPS S$6DS SN PNAPATKPSI STPLSPQ GRS AHSASL S N 1267
4360 GGCTCCTTAAAG CMAEC(UCUCMCUGWMMGCCATCMUC( CCTTEGCACTGCMTEMMYGGECGMCI'G((CCTAEMCﬂ'mCCTCETCATEC((TCCWEC(C'I'G((TCCCECﬂ(CI'C((TGMTEMGGVG(CAGEEEG\TEAGEM:CATCG\TACTCL'MCL'ET(ECCMEMEAMCUCAEMTCEMWCMGCAMEC(ACCCCMCEACA
€5 LKFQSPPHAGEKT GHHHLSFALGQTO QNG GRAAPTTSSSSSPPSPASPTSLNQGARGIRTIHTPSLASTYEHA N G S s 5 K AT P S T 1347
4600 G(-hi\MEGwCGST(T‘YAMGG[UGH’((TATHEEU(MGG‘GGMTTGUTC(TTG AN CAGCAATCTGLAACAAGTG] CATAAGAGAAT GTATCATATTGLTGTATCGTTCAAGGCTTCATGCAGAGTATGTGCTAAGTACTGAGTTGATAGLTGCAGTARAGCTTGTT CCACTCTGTTGCTGTTGTAATTGCATAGTGTTTACTGTCTAGATTCGATA

4840 CCTATTACATGAAGAAAGCATGTGCTATAARAAGAGAGAGTATGATGAGAGTGAAGACATGTGTGAGACAAGE TGACTGTACTATGCATGTAARACATGTATGATTCCAGAATTTTAGTATGTTTTGTATAAAAATATTTTTCATTACAGAGAL TAGAGGCAAACAGAGAAATAAATACGCAAGE GTGACTATATAAATTGTAAAGCATATATTATGATATTTTCTTTTATTTTAGTGTT
5080 ATTTAGCTTTATTACAGATTTCTAT GTCAAAMCTTCATGGTTCCTTTCAAAATC GCCAAAACATTTTGATACTACAGCATTGTACATTTGAAAGTAGCGTGCTAGC CTTTAAGC CAATGAGCTTCTACAGTCGTAGAAAGAAATT CAGCAAAACTCCTGCACTGCCAGCARRAGTTTGTATGATAATTCGCTAGCGCAAGCCAGCTCATTTTTITCTTTGTTITCTTTTC
5320 ATTTTCTTCTTCCTTTTTTTTTTTTAAAGACAAACATCTGAGTATTCTGTAGL TGTTTTCTTTGCACTGTCTGACCCCCTTTTATGTTTTCTTAGACCTGGTAATTCATACCATTGCATTGTGEATTTTAAAATGTACACTTCTGTATGGTTCTGTACACTGAGGAAC TTTTGTAAATATACAARTATAAATARACAT CAAAATACTATCTGTGACAGCACATAGAGTAGTTTTCCCAC
5560 ACCAAAGTTAATTTGTATGCATGCTTAAGAGTCTATATTGGGATGGGCAGAAATGGGACTATCCATACATTTTTAAAAAGCAACAAGTTTGCACAGT TAGGGTGGTTTTGTAGATAACTGTATTTGTATAACACAGLCATGTAACATATGGAGC TATAAGCAGAGAC TTGGCARAACTAAATAAAGGGCTGCATGCTTATTATTTTTTTTTTGTACCTTGTCACTATAACGTCTTTCAGT
5800 CAACGAATATGTAACTATTGCCACAGGGTTTCAGCTCTGAGGGLATTCTAAGCAACGTGTAATCACATECACT CATACAGTGTTGLTTCCTCOAMAGGGAAGGAT GRATTCCTAATARACTCATCAACCATG
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FiGUre 2.—Identification of the trapped gene Skt. (A) The nucleotide sequence of the Sk cDNA and predicted amino acid se-
quence. The open box indicates the pro-rich region at the N terminus and the shaded box indicates the coiled-coil region in the
middle. The striped box indicates the sequence deleted in Sktb by alternative splicing. The 15-amino-acid peptide used for the pro-
duction of anti-Skt antibodies is shown by underlining. The polyadenylation signal is underlined at the 3’-end of the nucleotide se-
quence. The nucleotide sequence is numbered on the left side and the amino acid sequence is numbered on the right side. (B)
Genomic structure of the Skt gene. (Top) Exon-intron structure of the Sickle tail gene. The trap vector, pU-8, was inserted into the
14th intron. Sizes of exons and introns are given. (Bottom) Two transcripts produced from the Skt allele. There are at least two types
of Skt transcripts: one contains all the exons (termed Skta) and the other lacks 33 bp of the 13th exon (termed Sktb). Arrows (a—f)
indicate the location of the primers used for RT-PCR analyses in Figure 3, A-C, to detect the expression of each part of the Skt tran-
scripts. The solid bar represents a probe used for Northern blotting. The open and shaded boxes indicate the pro-rich region and the
coiled-coil region, respectively. The start and stop codons of the Skt gene are shown by asterisks. A sequence with high homology to the
CS3 in node/notochord enhancers is located in the fourth intron of the Skt gene 106 kb downstream of the insertion site of Etl4“7.

Characterization of the integration site of the trap Identification of the Sickle tail gene: To identify the
vector: To characterize the gene-trap locus, we cloned gene trapped, we performed 5'-and 3'-RACE. The se-
and sequenced genomic DNA fragments flanking the quence of the ORF of the trapped gene was determined
gene-trap vector. A single copy of the vector was inte- by compiling sequences of 5'- and 3’-RACE products and
grated into the genome as determined by Southern blot of EST that showed 100% homology to the RACE prod-
analysis using genomic DNA samples extracted from Skt ucts. We thus obtained a cDNA sequence comprising 5930
mice. Three base pairs of genomic DNA were deleted nucleotides (accession no. AB125594) that encodes a
at the integration site of the trap vector. Using PCR am- putative protein of 1352 amino acids with a predicted
plification on genomic DNA samples, the genotype of molecular weight of 147 kDa (Figure 2A). This gene was
offspring from the heterozygous intercross was easily termed Skt. The protein contains a proline-rich region

determined (data not shown). (amino acid residues 298-364) and a coiled-coil region
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(amino acid residues 626-656) as determined by anal-
ysis using Lupas’s algorithm (Lupas et al. 1991). An ATG
codon is located at nucleotide positions 559-561. This
codon is most likely the initiation codon, because there
is a Kozak sequence surrounding this ATG codon (Kozaxk
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 identified.

Sequence comparison of Skt cDNA with the murine
genome sequence in the public Mouse Genome Re-
sources (http:/www.ncbi.nlm.nih.gov/genome/guide/
mouse/) revealed that the Skigene 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: Skt-a, containing the 1st-14th exons, and Skt

=1,353bp
=1,078bp
" 872bp
= 603bp
= 310bp

primer e and f

G1Gt
Br from TT2 and heterozygous (Gt/+) ES cells,

- - . - =9.49kb

449

FIGURE 3.—Analyses of Skt transcripts. (A-C)
RT-PCR analyses using E10.5 embryos to detect
Skt transcripts in wild-type (+/+) and Skt®/“ em-
bryos. The transcripts containing nucleotide
sequences upstream of the insertion site of the
trap vector were detected in both wild-type and

— 9.49%b Skt embryos (A). The transcripts containing
= 7.46kb nucleotide sequences downstream of the Ski se-
quence were not detected in Ski®/“ embryos (B

= 440kn and C). M, molecular marker. (D) Northern blot

3 analyses to detect Skt mRNA in the wild-type ES
- 2.37kb cells, E10.5 embryo, and 8-week-old mice, using
the Sktspecific probe in the 5'-region (see Figure

4 3y 2B). Total RNA (10 pg) from TT2 ES cells, wild-

type E10.5 embryos, mRNA (5 pg) from wild-type
organs, and a Skt RNA probe were used for North-
ern blotting. (E) Northern blot analyses to detect
Skt and B-geo fusion transcripts. Total RNA (20 pg)

wild-type (+/+), heterozygous (Gt/+), and ho-
mozygous (Gt/Gt) adult 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, tes-
tis; Li, liver; Lu, lung; I, intestine.

=7.46kb

=4.40kb

lacking 33 bp of the 13th exon from Skt-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 Ski“/“ 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 3'-
region of the integration site and primers e and f within
the 3'-region of the integration site—we could not de-
tect any product in Skt“/“ embryos (Figure 3, B and C),
indicating the absence of Skt mRNA containing exons
15-19 in Ski“’“ embryos.

To analyze the size and expression pattern of Skt
mRNA, we performed Northern blot analysis using the
Sktspecific 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 testis, the 8.0- and the 5.5-kb bands in the
lung, and the 8.0-kb band in the intestine were detected
(Figure 3D). 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 3-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 Ski“/* and Skt®/“ adult brains, two bands of 10.5
and 9.5 kb were detected with the Skt probe (Figure 3E,
left), and these bands were also hybridized with the lacZ
probe (Figure 3E, right), confirming that both transcripts
corresponded to the fusion mRNA containing {3-geo.
This result indicates 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 Ski“ adult heart, one 9.5-kb 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-
Sktantibodies 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 8-kb 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 3-geo expression
in Skt® mice: We examined formation of the vertebral
column in Sk“ mice during the embryonic, fetal, and
postnatal periods (E8.0, E8.5, £9.0, E9.5, E10.5, E11.5,
E12.5, E13.5, E14.5, 15.5, E16.5, E17.5, E18.5, E19.5,
newborn, and 2 weeks of age) by histological analysis
with and without X-gal staining. Before E8.0, the B-geo
gene was expressed in the chorion, butnotin 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 (3-geo
strongly (Figure 4, D-F). In addition, sections of E11.5
embryos showed [-geo expression in the epithalamus
sulcus, roof of the neopallial cortex, lens vesicle, inner
layer of retina, heart (atrium 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

embryo at E17.5, compression was observed in some
IVDs (Figure 4, I and J) of the Skt“/“ embryo, but not in
the wild-type embryo (Figure 4, G and H). In the Sk“/“
neonate, the X-gal-positive 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 Ski“/“ mice, the X-gal-positive no-
tochord cells were dislocated to the left or right side and
the nuclei pulposi were smaller 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 IVD, coinciding
with a relationship between the phenotype of the Ski“/
and strong expression in the caudal region of the tail.

Histological analyses of IVDs of Skt“’“' and Sd mutant
adult mice: In Sk“/“ 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 nucleus pulposus was lo-
cated in the center of IVDs at all levels of the vertebral
column (Figure b, A, D, G, and ]). However, the nucleus
pulposus in the IVDs of the tail region of Skt®’“ 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, Band E).
Although histochemical analyses of embryos and new-
borns in the Sd mutant were reported by PAavora et 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 IVDs were totally occupied by peripheral fibers sim-
ilar to those seen 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 Ski*/“ mice were restricted
to the 20-25th caudal vertebrae (Figure 1B), an irregular
boundary with direct contact between the nucleus pulpo-
sus and annulus fibrosus (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). In
addition to the abnormalities of the nucleus pulposus in
IVDs, the annulus fibrosus development was also im-
paired in Ski®/“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 Sk
mice (Table 1). Surprisingly, histological analysis of exter-
nally normal tails of Skt“/“ 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 backcrossed to C57BL/6. Thus,
the primary phenotype of Ski“/“mice is the deformity of
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
Skt cDNA by 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 transfected with mock expression vector

FIGURE 4.—B-gal expression and histological
analyses in Skt®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
E9.0 (C) intense staining was detected in the no-
tochord. At E11.5 (D-F), the notochord and the
mesonephros expressed B-geo strongly in whole-
mount X-gal staining (D), the frontal section
(E), and the sagittal section (F). Sagittal sections
of the tail bud of Skt®* (G and H) and Sk
(Iand J) embryos at E17.5. At E17.5, some IVDs
were compressed in the tail bud of Ski®/ (J). Sag-
ittal sections of the tail tips of newborn Skt®* (K
and L) and Sk/“/* (M and N) mice. In the Ski®/¢
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 Ski“/“ mice,
the X-gal-positive nuclei pulposi were dislocated
to the periphery (Q and R). (H, J, L, N, P, and R)
Higher magnification of the area indicated by
the boxes in G, I, K, M, O, and Q, respectively.
Sections (G-=]) 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 559-561 and TAA at positions 4615-4617 in
the Skt cDNA are the start codon and termination codon,
respectively. As expected, the amount of Skt protein was
decreased in Skt®”* mice and was below the detectable
level in Ski*/“ 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 c), but not in Skt®/“ 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 confirmed in Skt“/“ mice.

Relationship of Skt with Etl4““ or Sd loci: Both the ex-
pression pattern of the Skt gene and the phenotype of
Skt mutant mice were quite similar to those of Et/4“” mu-
tantmice (ZACHGO et al. 1998). Furthermore, by examining



452 K. Semba et al.

+4 Sk 5Bt - Sam

thoracic

caudal

P

kinky

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 wild-type (A, D, G, and J), Sk““ (B, E,
H, and K), and heterozygous Sd mice (C, F, I,
and L). (D, E, F, ], K, and L) Higher magnifica-
tion of the area indicated by the boxes in A, B,
C, G, H, and I, 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 caudal IVDs of Ski“/“ 8-week-
old mice. Impaired development of the annulus
fibrosus in Skt®”“ mice was demonstrated by the
thin fibrous layers of annulus fibrosus (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 (Q
and S). Haematoxylin and eosin (HE) staining
was used. Bars, 200 pm.

the reported primer sequences of the Et/4“” locus To examine the genetic distance and interaction be-
(MAATMAN et al. 1997), we found that the Etl4“” locus tween the Ski“ and Sdlocus, we crossed Ski“ mice with Sd
is located in the third intron of the Skt gene (Figure 2B) mice to produce the compound heterozygote (Sd +/+
and that the distance between the integration sites of E/l4“* Skt“; trans-configuration). Then, these compound het-

and Skt was 237 kb. erozygotes were used to analyze the recombination rate
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Ficure 6.—Detection of the Skt protein. (A) Western blot
analysis to detect Skt protein using extracts from untreated
BMT10 cells (lane 1), BMT10 cells transfected 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 8week-old wild-type mice (lane 4), Ski*/* mice
(lane 5), and Sk“/“ mice (lane 6). An ~150-kDa protein cor-
responding to the predicted molecular weight of 147 kDa was
detected in lanes 3, 4, and 5, but not in lane 6. The amount of
Skt protein was reduced in the Skt“/" mutant (lane 5) and was
below the detectable level in Ski“/¢ (lane 6). (B) Immunohis-
tochemistry of frontal sections of the nucleus pulposus in up-
per caudal IVDs from adult 8-week-old mice using purified
anti-Skt antibodies. Skt protein was detected in the cytoplasm
of nucleus pulposus cells in wild-type (a and c), but not Skt“/“,
mice (b and d). (c and d) Higher magnification of the area
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 (Sd Ski®/+ +;
cis-configuration) and two wild-type mice were obtained
among 249 mice obtained by mating the #rans 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 cM 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 Skt* mutation on the tail
phenotype in heterozygous Sd mice in either the trans-
or the cisconfiguration, 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 +/+
Skt®] (n = 23) and cis [Sd Skt“/+ +] (n = 10) com-
pound 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 [Sd Skt“/+ Ski*]
neonatal mice is more severe than those of trans [Sd +/+
Skt®] and cis [Sd Ski”/+ +] compound heterozygous
mice. Approximately 80% of [Sd Ski*/+ 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
Ski¢/ + Ski“] neonatal mice, [Sd Skt®/+ Skit“] neonatal
mice had shorter tails than those of ¢rans [Sd +/+ Skt“]
and cis [Sd Skt“/+ +] compound heterozygous mice, in
which the vertebral columns were truncated at the
fourth sacral vertebral body on average, suggesting a
cumulative effect of the Skt mutation on the Sd mutant.

To examine the pathologic effect of the Skt mutation
on the Sd phenotype, we carried out histological ana-
lyses on the IVDs of Sd +/+ Ski® and Sd Ski“’/+ + mu-
tant mice. Both compound heterozygous mice showed
IVD histology similar to that seen in Sd +/+ + mu-
tant mice. The nucleus pulposus was totally absent and
replaced by peripheral fibers similar to those seen in the
annulus fibrosus in all IVDs (Figure 7B, a-h). These
results suggest that the Skt mutation did not affect the
histological picture of IVD in the Sd mutation. In addi-
tion, the expression pattern of the 3-geo gene in the tail
notochord was the same in both trans [Sd +/+ Skt“]
and cis [ Sd Skt“/ + +] compound heterozygous embryos
at E9.5 and E13.5 (Figure 7C). The notochord of both
trans and c¢is compound 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
both trans and cis compound heterozygous embryos at
E13.5 (Figure 7C, b, c, e, and f). This suggested that the
Sd mutation did not affect Skt expression. In addition,
this trans—cis test demonstrated that the double het-
erozygotes exhibited indistinguishable phenotypes in

TABLE 2
Distribution of the haplotypes among the 315 offspring of the backcross Sd +/+ Skt® or Sd Ski® /+ + X C57BL/6

Sd +/+ Skt X C57 BL/6

Sd Ski“/+ + X C57 BL/6

+ /4 Sk Sd+/+ +  SdSk/+ +

++/++ A+ SkOUH+ +

Sd+/+ +  SdSkt¢/+ + 4+ +/+ +

144 102 1 2

0 0 24 42

Sd, Ski* compound heterozygotes were generated from crosses with an inbred laboratory strain (C57BL/6)
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regard to notochord degradation whether Sd and Skt
were in a lrans- or in a cis-configuration.

DISCUSSION

We established a new recessive trap line, B6;CB-
Sktcius02MEG - which had a deformity in caudal IVDs.
The insertion site of the trap vector is in the 14th intron
of the novel gene Ski, located on chromosome 2, near
the locus for Danforth’s short tail. In addition, we found
that the enhancer trap locus Et/4“?, which was pre-
viously reported to be an allele of Sd, was located in the
third intron of the Sk¢ gene.

Structure, expression, and function of the Skt gene:
The sequence of the trapped gene, Sk, was obtained
using the gene-trap ES clone. The Skt gene contains 19
exons encoding a novel protein of 1352 amino acids
with a proline-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

B so++ .svn‘"" Sd SktG’3‘+ + Soi+/+ .s'/rrf"f S .swﬁh + bral

&

FIGURE 7.—(A) Schematic of
axial levels and severity of verte-
malformations in com-
pound mutant 8-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 malformation is more se-
vere than that in heterozygous
Sd mice (trans, P < 0.005; cis,
P < 0.003, Mann-Whitney Uttest).
There was no significant differ-
ence between trans [Sd +/+
Skt™] (n = 23) and cis [Sd
Skt“'/+ +]1 (n = 10) mice (P =
0.956, Mann-Whitney Urtest).
(B) Histological analyses of ver-
tebral columns in the Sd +/+
Skt and Sd Skt®/+ + mutant
mice. HE staining of midsagittal
sections in thoracic spines of
Sd +/+ Skt (a and c) and Sd
Skt /+ + (b and d) mice and
in sacral spines of Sd +/+ Skt*
(e and g) and Sd Sk“/+ +
(f and h) mice. Arrowheads indi-
cate dorsal sides. (c, d, g, and h)
Higher magnification 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 Skt*/+ + mu-
tant embryos. The B-gal expres-
sion in the tail notochord of trans
heterozygous embryos [Sd +/+
Skt®] at £9.5 (a) and E13.5 (b
and c) and of cisheterozygous
embryos [Sd Skt“/+ +] at E9.5
(d) and E13.5 (e and f).

“sacral spine

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 et al. 2001a,b).
Thus, the proline-rich region in the Skt protein may
have a similar function in protein folding. The coiled-
coil motif was first described by Crick (1952) and by
PauLiNG and Corey (1953) as the main structural ele-
ment of a large class of fibrous proteins that included
keratin, myosin, and fibrinogen, mediating dimeriza-
tion, heterodimer formation, or trimerization (for a re-
view see Luras 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-trap vector into the 14th intron
of the Skt gene, downstream of the coiled-coil domain
and the prolinerich region, resulted in production of
two fusion transcripts with the 3-geo sequence: one, Skt-a,
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containing only exons 1-14 and the other, Ski-b, lacking
33 bp of the 13th exon from Ski-a (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, it is 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, 3-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 Et/4"“”
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 first detected at E8.5 in the presumptive notochord
cells. In the Etl4“” line, lacZ 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 IVDs 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 Skt* mice.
As histological data on Etl4“” mice were not described
by ZAcHGO et al. (1998), it is not clear whether the IVD
histology is similar to that seen in Sd or Ski* 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
for formation of derivatives from both the paraxial and
the intermediate mesoderm. In addition, both vertebral
bodies and IVDs are affected in Sd mice. The notochord
shows discontinuities as early as E9.5, 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 in 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 Skt 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 Sktacts during

the fetal period and at the later stage involving growth
and hypertrophy of the nucleus pulposus. Although
massive apoptosis in notochord cells was observed in
embryos with targeted disruption of Jun (BEHRENS et al.
2003) or Sox5"~/Sox6~’~ (SmrTs and LEFEBVRE 2003), no
apoptotic notochord cells were observed in the Skt
embryos at E16.5 and in neonatal mice. Thus, apoptosis
is not the cause of compression or dislocation of the
nucleus pulposus in Skt mice. As the Skt protein con-
tains the coiled-coil motif that is involved in the forma-
tion of mechanically rigid structures, it is possible that
the nucleus 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 annulus fibrosus is not clear yet. In Sd mice,
disappearance of the notochord cells occurs at early stages
of development. THEILER (1988) reported that the fibers
of the annulus fibrosus 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 nucleus pulpo-
sus during growth after birth. In Skt mice, the thin an-
nulus fibrosus was observed together with abnormalities
in the nucleus pulposus. At present, it is not known
whether the thin annulus 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 0.95 cM. We
believe that the Ski gene is distinct from the Sd gene for
the following reasons. First, anti-Skt antibody detected
the predicted size of protein deduced from the Skt gene.
If the Skt was 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 trans- or a cisconfigura-
tion. On the basis of the results by ZACHGO et al. (1998),
Sdis a gain-of-function mutation. As the Sktis 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 trans-configuration might be more
severe than that in the cisconfiguration 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



456 K. Semba et al.

Etl4“*. As the expression patterns of Etl4“” are quite
similar to those in Skt* mice and as Et/4“” mice have
similar kinks in the tail region (ZACHGO et al. 1998), the
lacZ gene in the enhancer trap vector may be expressed
under the control of this possible node/notochord en-
hancer. ZACHGO et al. (1998) reported that the Eil4““locus
is localized ~0.75 cM distal to Sd and that the Sd phe-
notype is attenuated when Et/4“”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
Etl4“”line, may eliminate the enhancer function for the
Sdgene, resulting in the attenuation of the Sd phenotype.

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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