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The sal (spalt) gene family is characterized by
nique double zinc finger motifs and is conserved
mong various species from Drosophila to humans.
ere we report a new Xenopus member of this family,
sal-3. It is 38% homologous at the amino acid level to

he previously reported Xenopus homologue of the
palt gene, Xsal-1. Alternatively spliced Xsal-3 tran-
cripts give rise to RNAs coding either two or three
ouble zinc fingers, and the longer form is expressed
aternally. Xsal-3 is expressed in the neural tube, the
andibular, hyoid, and branchial arch, and the pro-
ephric duct, which is different from the expression
attern of Xsal-1. These findings suggest that Xsal-3
ay have distinct roles in early Xenopus develop-
ent. © 1999 Academic Press

The Drosophila spalt (sal) gene is a region-specific
omeotic gene, which acts in two separate domains, an
nterior domain and a posterior domain (1). Molecular
loning of the spalt gene (2) has shown that it encodes

protein of 1355 amino acids. The gene product is
haracterized by seven zinc finger motifs of the CC/HH
ype (3), and the arrangement of the zinc fingers is
uite unusual: six of the seven fingers are grouped into
hree widely separated pairs. Sequence comparison of
hese zinc finger pairs (double zinc finger motif)
howed conservation of two boxes in all three pairs.
he first conserved box is the spacer motif for closely

inked zinc fingers, the H/C-link motif (4), while the
econd box is an eight amino acid motif (FTTKGNLK)
ound in the second fingers of all pairs, the so-called
AL-box. In addition to its function as a homeotic gene
uring the early blastoderm stage, the Drosophila

1 To whom correspondence should be addressed at Department of
ife Sciences, University of Tokyo, Komaba, Meguro-ku, Tokyo
53-8902, Japan. Fax: 181-3-5454-4330. E-mail: cmasa@komaba.ecc.
-tokyo.ac.jp.
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palt gene is also expressed in restricted areas later in
evelopment, for example the central nervous system
CNS), the tracheal system, and the visceral mesoderm
f the midgut (2).
Vertebrate homologues of spalt have been isolated

nd characterized in humans (Hsal-1 and Hsal-2),
ouse (msal), Xenopus (Xsal-1) and medaka fish

medaka sal). In humans, Mutation of Hsal-1 is known
o cause Townes-Brocks syndrome (TBS) (5), and in
edaka, medaka sal has been found to be regulated by
onic hedgehog (Shh) (6).
In Xenopus, a homologue of the Drosophila spalt

ene (Xsal-1) has been isolated (7). The Xsal-1 gene
ncodes a protein that contains double zinc finger mo-
ifs, and its expression is restricted to the CNS and the
acial ganglion mainly in early development. Here we
eport the cloning and expression analysis of the novel
enopus spalt gene (Xsal-3). Xsal-3 protein has 38%
omology with Xsal-1, and also contains the double
inc finger motifs. Xsal-3 expression is shown in the
NS, the mandibular, hyoid and branchial arch, and

he pronephric duct in early development.

ATERIALS AND METHODS

Xenopus embryos. Xenopus laevis eggs were obtained by injecting
dult females with 600 IU of human chorionic gonadotropin
Gestron, Denka-seiyaku, Japan). Fertilized eggs were dejellied with
% cysteine hydrochloride in the Steinberg’s solution (pH 7.8),
ashed with sterilized Steinberg’s solution (pH 7.4), and cultured
t 20°C. The embryos were staged according to Nieuwkoop and
arber (8).

Differential display. Animal caps cut at stage 9 were exposed to
0 ng/ml activin A plus 1024 M retinoic acid for 3 h. After the
reatment, all explants were washed in Steinberg’s solution and
ultured for 6–9 h. Total RNA was extracted from animal caps
reated with activin A plus retinoic acid and from untreated animal
aps and was used for differential display. The three differentially
xpressed bands were cut from the gel, and the DNA was eluted and
eamplified.
0006-291X/99 $30.00
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Isolation of Xsal-3 cDNAs. A fragment obtained by differential
isplay was used as a probe. Two clones were obtained from a cDNA
hage library (head region of stage 28–30 embryos) (9), and one clone
as obtained from a Xenopus unfertilized egg cDNA plasmid library
y plaque or colony hybridization. The three clones were sequenced
ith a DNA sequencer Model 373A by using Dye Deoxy Termi-
ator Cycle Sequencing Kits (Applied Biosystems). Nucleotide se-
uences were analyzed by the Gene Works 2.5.1 program (Intelli-
enetics Inc.).

Expression of Xsal-3 RNA during development, and RT-PCR anal-
ses. Total RNA was isolated from various developmental stages by
SOGEN (NIPPON GENE), and 2 mg of total RNA was used as a
emplate to generate first strand cDNA according to the manufac-
urer’s instructions (GIBCO, BRL); one tenth of this cDNA was used
s a template in subsequent RT-PCR analyses. The primers used
ere and the product sizes were Xsal-3 (forward, 59-GATGAGCAT-
CTCAGAATGGC-39; reverse, 59-CTGCAAGTGCCTTACAGATCC-39;
2 cycles) 2165, 2022, and 456 bp; Xsal-1 (forward, 59-TCCCACAGT-
CCATCCCAAA-39; reverse, 59-AGTGTGCAGCAAAACCCTGC-39;
2 cycles) 68 bp; and ornithine decarboxylase (ODC) (forward 59-
TCAATGATGGAGTGTATGGATC-39; reverse 59-TCCATTCCGC-
CTCCTGAGCAC-39; 20 cycles) 386 bp. The resulting product was
nalyzed by Southern blot and sequencing to confirm its identity.
elative levels of transcripts encoding ornithine decarboxylase

ODC) were assayed by RT-PCR as described (10, 11).

In situ hybridization and histological examination. Whole-mount
n situ hybridization was performed according to Harland (12).
igoxigenin (DIG)-labeled antisense RNA corresponding to the
953-bp Clone 2 of Xsal-3 was synthesized in vitro. The probe was
ybridized to whole albino Xenopus embryos. For histological exam-

nation, embryos were directly or refixed with Bouin’s solution and
mbedded in paraffin and sectioned at 10 mm.

ESULTS AND DISCUSSION

Animal caps treated with 10 ng/ml activin A plus
024 M retinoic acid differentiate into pronephros (12).
o obtain the genes involved in pronephros formation,
ifferential display using this system was performed.

FIG. 1. Molecular structure of Xsal-3. Location of the cDNA clones
omplete Xsal-3. The intronic sequences in Clone 2 are shown by in the o
he translation start site (ATG), the end of open reading frame (Stop),
sal-3 sequence (with and without introns). The hatched boxes show th

he CC/HC finger domain, while the boxes numbered 1–3 are the three
o the second double finger. The region amplified by PCR with Xsal-3 s
152
ne partial cDNA clone from differential display was
equenced, and the clone was homologous to the Xeno-
us homologue of the spalt gene, Xsal-1. The semi-
uantitative RT-PCR showed that the obtained clone
xpression is up-regulated in animal caps treated with
0 ng/ml activin A plus 1024 M retinoic acid, but isn’t
nduced in untreated animal caps, on the same condi-
ion as differential display (data not shown).

This clone was used as a probe to isolate two clones
rom a cDNA phage library (head region of stage 28-30
mbryos) (Clone 1 and Clone 2) and from an unfertil-
zed egg cDNA plasmid library one clone (Clone 3).
iagrams of these three clones are shown in Fig. 1.
one of these clones contained the complete open read-

ng frame (ORF). The homology between Clone 1 and
lone 2 in the overlapping region was 100% (nucleotide

evel), whereas the homology between Clone 2 and
lone 3 was 98.9% (nucleotide level). Therefore, Clone
and Clone 2 may be derived from the same gene, and
lone 3 may come from a closely related gene. We
amed the gene that yielded Clone 1 and Clone 2
sal-3 (DDBJ Accession No. AB030827), and the gene

hat yielded Clone 3 Xsal-39 (DDBJ Accession No.
B030828). Clone 2 and Clone 3 also contained the
omplete 39 untranslated region including a polyade-
ylation stretch, but lacked the starting codon at the 59
nd of ORF. Sequence comparison with the known
ertebrate spalt genes, however, indicated that Clone 1
ay contain a starting codon. The presumptive se-

uence of Xsal-3 was synthesized from Clone 1 and
lone 2, and the total Length of Xsal-3 was 5174 bp.
onceptual translation of the 2478 bp ORF yielded an
26 amino acid sequence that contains one zinc finger
f the CC/HC-motif, a single zinc finger of the CC/HH-

lated (Clones 1, 2, and 3), and the molecular structure of the predicted
boxes, and their absence in Clone 3 is indicated by the V-shaped lines.
the poly A tail [(A)n] are indicated in the diagrams of two synthesized
ositions of the zinc finger domains. The unnumbered boxes represent

uble zinc fingers, and the 2* box is the CC/HH finger domain adjacent
ific primers is indicated by the broken line.
iso
pen
and
e p
do
pec
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otif, and two double zinc finger motifs, as shown in
ig. 2A. This sequence also contains 90 bp of the 59-
ntranslated region and 2606 bp of the 39-untranslated
egion. When compared with the sequence of Clone 3,
lone 2 was found to have two inserted sequences (Fig.
). The insertions were presumed to be introns, since
sal-1, which is the gene most similar to Xsal-3, in-
ludes multiple alternatively spliced variants (7). If the
wo introns of Xsal-3 are deleted by alternative splic-
ng, the sequence would be 3465 bp long, and would
ode 1061 amino acids. The spliced form is longer than
he unspliced form in amino acid level, and has an
dditional double zinc finger motif (Figs. 1 and 2A).
he presumptive protein from the transcript of Xsal-3
ith introns is referred to as the “short form,” and the
resumptive protein encoded by the transcript of
sal-3 without introns is referred to as the “long form.”

FIG. 2. (A) Amino acid sequences of the long form of XSAL-3. The l
SAL-3 is shown in the shaded area, and is shorter than the long form,
esidue in the long form sequence different from the short form, “K,” is
he zinc finger motifs are underlined, the double zinc fingers are numb

s marked 2*. (B) Sequence comparison of homologous zinc finger mot
uman sal-2 (Hsal-2), medaka sal, and Drosophila spalt. zinc complexin
mino acid residues are shown as dashes, and the conserved tripeptide “
orrespond to the XSAL-3 fingers respectively. The single N-terminal C
rom the N- terminal, and the single CC/HH finger motif adjacent to th
153
The deduced amino acid sequence of Xsal-3 shows
igh overall similarity to the known vertebrate sal
enes (38% in comparison to Xenopus Xsal-1, 35% in
omparison to human Hsal-1, 27% in comparison to
uman Hsal-2, 33% in comparison to medaka sal, and
3% in comparison to mouse msal). Xsal-3 encodes a
rotein that contains the three diagnostic double zinc
nger domains and a single zinc finger of the CC/HH-
otif located adjacent to the second pair of zinc fingers,
hich are characteristic of all SAL homologues. The
ntire domain containing the zinc fingers of SAL is
ighly conserved between vertebrates and Drosophila
nd shows the typical H/C-link of SPALT zinc fingers
s well as the diagnostic SAL-box (2) in each second
nger of the three double zinc finger regions (Fig. 2B).
he high degree of conservation in the zinc fingers
uggests that all sal homologues may recognize a con-

th of the sequence is 1061 aa (long form of XSAL-3). The short form of
6 aa, because the stop codon is present in the first intron. The only one
rked by an open box, and is replaced by residue, “R” in the short form.
d 1-3. The CC/HH finger domain adjacent to the second double finger
f Xsal-3 (long form), Xsal-1, mouse sal (msal), human sal-1 (Hsal-1),
steine (C) and histidine (H) residues are shown in bold print. Identical
,” the H/C-link, and the SAL-box are shaded. Sequence identity values
C motif is not numbered. The double zinc finger motifs are numbered
econd double finger is marked 2*.
eng
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erved binding site. The amino terminus of XSAL-3
ontains an additional single zinc finger of the CC/HC-
ype characteristic of vertebrate SAL proteins. The
sal-3 gene gives rise to RNA coding two or three
ouble zinc fingers. Sequence comparison between
SAL-3 and XSAL-1 showed that the third double zinc
nger motif of XSAL-3 is highly homologous to the
ourth motif of XSAL-1 (Fig. 2B). Thus, it is possible
hat a true third double zinc finger motif of XSAL-3
xists but has not yet been identified. In summary,
hese features identify Xsal-3 as a homologue of the
rosophila and the known vertebrate spalt genes (2, 6,
, 13, 14).
To examine expression of Xsal-3, RT-PCR was car-

ied out using RNA from various developmental stages
Fig. 3). Xsal-3 specific primers were designed to dis-
riminate alternative spliced variants. The transcripts
orresponding to the 2165 and 2022 bp products have
oth introns and only the first intron, respectively, and
ncode the short form XSAL-3. The transcript corre-
ponding to the 456 bp product has no intron and
ncodes long form XSAL-3. The transcripts of long form
SAL-3 were detected from the unfertilized egg to tad-
ole stage (stage 40), and gradually decreased after the
arly neurula stage (stage 15). In contrast, the two
ranscripts encoding the short form XSAL-3 were ab-
ent maternally, appeared at stage 10, and were de-
ected through the tadpole stage, which was similar to
xpression patterns of previously reported Xsal-1 (7).
hese findings suggest that there are at least three
lternative spliced variants of Xsal-3, and that they
ave different temporal patterns of expression. These
ariants may have different roles in development.

FIG. 3. Expression of Xsal-3 and Xsal-1 during development as
etected by RT-PCR. RNA was extracted from embryos at the stages
ndicated. With the Xsal-3 specific primer pair that flanks both
ntrons, the lengths of the amplification products were 2165, 2022,
nd 456 bp. RT-PCR with ornithine decarboxylase (ODC) specific
rimers was carried out in parallel to control the amount of input
NA [RT(1)]. RT(2), RT-PCR without reverse transcriptase. Stages
re shown over each lane. egg, unfertilized egg.
154
ned by whole-mount in situ hybridization and in sec-
ions of stained embryos. The total signals of all three
inds of transcripts (described above) could be detected
y using Clone 2 as the probe. The signals were local-
zed to the animal hemisphere of unfertilized eggs (Fig.
A). From the onset of gastrulation to the late gastrula
Figs. 4B and 4C), expression was localized to the an-
mal hemisphere with a dorsal bias. In the sagittal
ection of stage 11 embryos (Fig. 4D), the signals were
bserved only in ectoderm. From the neurula stages
nwards, Xsal-3 is expressed in the neural plate and
ube along the anteroposterior axis of the developing
entral nervous system (CNS) and the neural crest
Fig. 4E). The transverse section of an early neurula
mbryo (stage 16) showed that Xsal-3 expression was
estricted to the neural plate (Fig. 4F, black arrow) and
he neural crest (Fig. 4F, red arrows). After the tailbud
tage, mainly expression was in the CNS and the man-
ibular, hyoid, and branchial arch. Weak signal ap-
eared in the otic vesicle and the tail bud (Figs. 4G and
H). In the transverse section of a stage 30 embryo
Fig. 4I), signals appeared at the floor and lateral plate
f the neural tube and in the pronephric duct. In the
orizontal section of a stage 30 embryo (Fig. 4J), the
trong signals were shown in the neuroectoderm cells
erived from the neural crest at the exclusion of the
esoderm and endoderm. In conclusion the main ex-

ression regions of Xsal-3 is in the CNS, the mandib-
lar, hyoid, and branchial arch and the pronephric
uct. This expression pattern is similar to that of pre-
iously reported Xsal-1, which is expressed in the CNS,
he facial ganglion, the pronephros (tubules and duct),
he heart anlage and the tail bud. The differences
etween the temporal and spatial expression pattern of
he two genes were as follows. (1) Long form of Xsal-3
as expressed maternally, whereas Xsal-1 was ex-
ressed only zygotically. (2) Xsal-3 is expressed in the
euroectoderm of the mandibular, hyoid, and bran-
hial arch strongly, whereas Xsal-1 is not. (3) Xsal-3 is
ot expressed in the heart anlage, but Xsal-1 is ex-
ressed. (4) In the neural tube, Xsal-3 is expressed in
nner region (proliferating cells) of the neural tube,
sal-1 is in outer region (motor neurons and inter-
eurons) of the neural tube (7). Therefore, Xsal-3
nd Xsal-1 may have different roles during Xenopus
mbryogenesis.
Little is known about roles of vertebrate spalt. Mu-

ations in the human homologue of spalt (Hsal-1) cause
ownes-Brocks syndrome (TBS) (5). TBS is a rare
utosomal-dominant malformation syndrome with a
ombination of anal, renal, limb, and ear anomalies.
he two reported mutations are predicted to result in a
rematurely terminated HSAL-1 lacking all double
inc finger domains, and to cause TBS in heterozygous
atients. Other vertebrate sal genes may also be finely
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egulated and have important roles during develop-
ent. We examined overexpression of long or short

orm Xsal-3 in Xenopus early embryos, but no pheno-
ypic changes were observed (data not shown). The
eficiency of SAL protein dosage may be more crucial
n embryogenesis. Further studies are required to dis-
lose which factors regulate Xsal-3, and are regulated
y Xsal-3, during Xenopus embryogenesis.
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