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We characterized Xenopus SIP1 (XSIP1), Smad in-
teracting protein, from activin-treated animal caps by
differential screening. The XSIP1 is very similar to
mouse SIP1 in the protein coding region including the
zinc finger domain and homeodomain. The expression
pattern was analyzed by RT-PCR and whole mount in
situ hybridization. XSIP1 expression was initially re-
stricted to the dorsal marginal zone in the late gas-
trula and was subsequently expressed at the lateral
edge of neural plate and, in the tailbud stage, in the
forebrain, neural tube, and eye. Overexpression of
XSIP1 at the animal caps resulted in activation of
anterior neural markers without mesodermal mark-
ers. Ectopic expression of XSIP1 induced enlargement
of neural cells and disordered eye formation. In addi-
tion to abnormal head phenotypes, many embryos
were short-tailed. Our findings suggest that XSIP1is a
transcriptional repressor, which may be involved in
the activin-dependent signal pathway.
Press
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Early embryonic differentiation is governed by two
principles. One is unequal distribution of maternal
information and the other is signaling molecules me-
diating between cell-cell communication. In Xenopus,
the Spemann organizer is formed in the dorsal meso-
derm by maternal information and then secretes mo-
lecular signals, which play important roles in the in-
duction and patterning of neural and mesodermal
tissue. Many of these signal molecules are expressed
especially in the organizer region and they are sorted
into two main signaling activities. One is the activin-
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dependent signal transudation pathway, involving, for
example chordin (1) and noggin (2); the other is the
Whnt signaling pathway exemplified by siamous (3) and
nr3 (4). Activin, which is a member of the transforming
factor-B superfamily (TGF-B), can induce several me-
sodermal and neural tissues in animal caps depending
on its concentration (5). On the other hand, BMPs,
which are also members of TGF-B superfamily, can
induce ventral formation through expression of signal-
ing molecules in the ventral side and can also induce
ventral mesoderm (6). The TGF-gB superfamily includes
activin and BMPs which can transmit their signals
through Smad proteins and TGF-g signaling plays very
important roles in Xenopus embryogenesis.

Because activin treatment of animal caps induce
neural tissues to form sandwiching animal caps, we
anticipated that certain molecules induced by activin
dependent signals suppress mesoderm formation and
promote neural formation. By differential screening,
we identified Xenopus SIP1 (XSIP1) as a candidate for
this neural induction molecule. The SIP1, a Smad-
interacting protein, was identified as a gene encoding
two separated clusters of zinc fingers, one N-terminal
and one C-terminal, and a homeodomain. Like other
two-handed zinc finger/homeodomain proteins, SIP1
binds to different promoters, including the 5'-CACCT
sequence (7). SIP1 is a member of the sEF1 family and
the zinc fingers of these two genes are bound with two
hands to a two-target site (8). SIP1 binds to the Smad
MH2 domain with its Smad binding domain (SBD) and
may act as a regulation factor of the immediate re-
sponse gene for the activin-dependent signal pathway.

Here we analyze the expression and activity of the
XSIP1 gene. We show that XSIP1 expression demar-
cates the presumptive neural plate very early, by the
middle of gastrulation, and later defines the anterior
neural tube. Overexpression of XSIP1 induced enlarge-
ment of neural tissue in anterior region and some
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A ogtggatcccc cgggctgcag gaattcggea ccaggaataa cggtcecttec tctactacaa ctcataagge 70
tttacagtat ctccaggagc ctcacctact ctccttcectte catgecttctt gtecctttga ttectcecctec 140
caactatttc ccaggacttyg taagagcctg cgtgctgctg attcacagag ccgagtccat gegaactgec 210
atctgatccce actcttatcalatgaagcaag agatcatggc ggatggccce aggtgtaaga ggcgaaaaca (280
agcaaatccg aggaggaaaa acgttttgac ttatgacaat gtagtagata cgggttcaga gactgaagag |350
gaggacaaac tccacattgc tgaagatgac agtattacaa ccacattgga ccaggaaaca agtccagcecca [420
gcatgectcaa ccacgagact tctccccaag ccaaccaage actattgcca agagacgaag aggaagatga [490
attgagggaa agaggaatgg accataattg gcacaacaat gttattctga aagcctctgt agatggttcect |560
gatgacatga aggaggatta cgacaccttg gggccacaag tcacgcatgt aaccactatt aacaacggta |630
cagtgaagaa tccaaattgc acttcagatt ttgaggaata tttcgttaaa agaaaaatgg atgctggaga |700
cagcaacgga gtcagcatag cagagtactt gcageggagt gatacggcta tcatttaccc agaagcccet |770
gaagaacttt gccgcctggg aacacccgag gccaacggac atgaggaaaa tgacctgcca cctggaactc [840
cagatgettt tgcccagctg ctgacctgte cctactgecga acggggectac aagegettga catcgetgaa |[910
agagcacatc aaataccgcc acgagaagaa cgaggagaac ttttegtgec ctcectgtgcag ctacacattt |980
gcctaccgea cccagettga acggcatatg gtgactcaca agceccaggcag agatcagcac gaaatgttga |1050
cccaaggtge cggcaatcgce aagttcaaat gcacagagtg tggtaaaget ttcaaatata aacaccatet (1120
gaaggagcac ctgcgaattc acagtggtga aaagccctat gagtgecccaa actgcaagaa acgtttctcee 1190
cactegggtt catacagttc ccacataagce agcaaaaaat gcattggect aatatcggta aatggcagaa (1260
tgagaaacaa catgaagaca ggttcatcce ccaattcagt atcttcttct cctaccaatt cagccataac |1330
tcaactacga cacaagttgg agaacggtaa accactgggt atgtctgaac catcaggett actgaaaatc 1400
aaaacagaat cattagatta caatgattat aaacttttaa tggcagcctc acatgcattt aatggtgctc |1470
atccattcat gaatggtggt cttggtgcaa ccagcccact gggaatccat tcctcagcectc caagtccaat |1540
gcagcactta ggtgtaggaa tggaattgtc attacttgga tacccttcca ttaacagtaa cttaaatgag |1610
gtgcagaaag ttctagaaat tgtggacaat acaatttcta ggcagaaaat ggaatgcaag ccagaagaaa |1780
ttacaaaact gaagggctat catatgaagg atggaggacc tcaaccagag gatcaaggag ttacatctce (1850
tggtaaccct ccagtaggtc ttccagtagt tagtcataat ggtgeccacta aaagtattat tgactatact [1920
ttagagaagg ttaatgaagc caaagcatgt ttgcagagct tgacgacaga ttcaaggagg cagattggta [1990
atattaagaa agagaagtta cgtacgttga tcgatcttgt aagtgaagag aagatgttag agagccatca [2060
tatatccact ccattttctt geccagttttg taaggaaagt tttcectggtce caattccttt gecatcaacat |2130
gaaagatact tatgtaaaat gaatgaagaa attaaagcag ttctccagec caatgaaaat ataattctca (2100
acaagcaagg ggtgtttget gagaaacaag cactcctgtt gtcatcggta ctttetgaga aaggaatgac (2170
aagccccata aacctatata aggaccacat gtctgttcta aaagcatatt atgccatgaa tatggagece 2240
aactctgacg aactactgaa aatttcaata gctgtcggece ttectcagga atttgtgaag gaatggtttg 2310
aacaaagaaa agtttatcaa tatgcaaatt ccaggtcacc gtctttggaa aggaccagtg ctgagatgge |2380
tctggetace atcctaaata ctcecccactaa agactcagce agatcgecaa taaaatctgt ggactttata |2450
acttcacaat ctatagcaga acttcataac cgggtatcaa attgtgatac acctctcagg ctaacaaaat 2520
cgaaccattt tgctagtatg aaaccagttc ttgataaatt ggaccactce aggagcaaca cteccttcectece (2590
tttaaacctt tcttcecacat cttctaaaaa ctcccatage agttcecttaca ctccaaacag tttctegtca [2660
gaggaacttc aagctgagec cttggactta actgtaccaa aactattgaa cgaatccaaa actattattg (2730
ccacaaagaa caaatctaag cccaacaaca ttacagttga tcacaatagt gtttctttat catctgaaac 2800
tgtagatgag ccactgaatt taacatacat caagaaggaa ttttgtaatg ctaatatgga caaaagcact [2870
agcccactat ttggtctaaa cccatttagt ggtaaacctt tgtattcage gettccteca cagagegecat (2940
tcccaccage cacatttatg ccccecagtac agacaggaat tcoctggacta cgatcttacc caggacttga 3010
tcagatgagc ttcctaccac acatggccta tacttatcca aatggagetg ccacatttge agatatgecag (3080
caacggagaa agtatcagcg caaacaagga tttcagggtg acttgctcga tggtacacag gattacatgt |3150
caggtctcga agatatgaca gattctgact cctgtcectgtc caggaaaaag attaagaaga cagaaagtgg (3220
catgtatget tgtgacttat gtgataagac attccagaaa agcagctctce ttctgagaca caaatatgaa (3390
catacaggaa aaaggccaca ccaatgtcaa atctgtaaaa aagcattcaa acacaaacat catttaatag |3360
aacattcgeg actgcactcet ggcgagaage cgtatcaatg tgacaaatgt ggcaaacget tctegecattc |3430
tgggtcttac tcacagcaca tgaatcatag gtattcctac tgtaagaggg aggcagagga aagggaaget (3500
gcagagaggg aagcacgtga gaagggacat ttggaaccca cggagctact gatgaataga gcgtatttge |3570
aaagcataac tcctcagggce tattctgact cagaggaaag agaaagtatg ccaagagaca gaggaagaga |3640
attggagcat gaaaaggaag gggacgatgt ttatgacaaa ttgaggagac aagttggtga tgaggagttt 3710
gaggaagagg aagaagagag tgaaaataaa agcatggaca cagatccgga cacaattaga gatgaagaag (3780
agaatggtga ccattcaatg gacgatagtt cggaagatgg caaaatggaa gccaaatcag atcatgaaga |[3850
agagataatg gaggatggca tgtaaktgac tactgcattt taagcttcct ttgtttccag tagtattgtt 3920
acttgcttga aaacactgct gttttaagat gtttatgcac gtgcctgatg cttccaggaa gcctgtatag 3990
atgaactgaa gggggcagtt ctgccaaaag tcaaataaag tttgagttgg ttattgtgaa gaactgcatt 4060
atgcaaaatt tttgtacagt attaaggcct aaaaactgtg tggttcaaga gactaaaccc tgtgtttaat 4130
agcatttata ctttaagcac aaacaaatag ttaattgtat gaattgcact ctacttatat atcactacaa 4200
acttaaaaaa aagaagatat ttctaattta tattaataca ttttttaaaa gaataaaaag tgcccgcact 4270
gttgtacacc agtattccta ttccacttta atttatggtg ctcgcactac gatatgtcag tattatgatt 4340
cctgecattet ctacttcatt cttcatgatt tccaaatgta accacacaat tttaggecctg aattttattt 4410
ttataatgca aaggaacgtyg aaaaaataag tgtaatagaa gtcttaaaag gtgtccggat ttcgaaggaa 4480
acgggatgat aaatataaag aaagcctttg taaggtggtt aaaaaaaaa 4529

FIG. 1. (A) Nucleotide sequence of XSIP1. Predicted ORF is boxed. (B) Amino acid sequence comparison between mouse SIP1 and
Xenopus XSIP1. Gray boxes represent identical or biochemically similar amino acids. The position of the C2H2 type zinc finger in STP1 is
indicated by bold underlining, other zinc fingers in SIP1 are indicated by thin double underlining. The dotted line indicates the Smad binding
domain (SBD).
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FIG. 2. RT-PCR analysis was performed at various stages.
Stages according to Niewcoop and Faber (1956) are shown over the
lanes. ODC (lower panel) is indicated as a loading control.

embryos failed to form eye vesicles. Ectopic expression
of XSIP1 induced anterior neural markers suggesting
that XSIP1 plays a role in early neurogenesis.

MATERIALS AND METHODS

Eggs and embryos. Xenopus eggs were obtained by injecting
adult males and females with human chorionic gonadotropin
(Gestron) at a dose of 600 U. Fertilized eggs were dejellied by treat-
ment with 4.5% cysteine hydrochloride in Steinberg’s solution (pH
7.8) with kanamycin sulfate (100 mg/l; Banyu Pharmaceutical Co.),
then washed thoroughly with Steinberg’s solution (pH 7.4). Embryos
were transferred to culture dishes containing Steinberg's solution
according to Nieukoop and Faber (12).

Differential screening. Animal caps were cut from the late blas-
tula and treated with 100 ng/ml activin A (supplied by Dr. Yuzuru
Eto, Central Research Laboratories of Ajinomoto Co. Inc., Japan)
for 1 h, then cultured for 7-10 h in Steinberg’s solution. Poly(A)-
tailed RNA was extracted from 2000 animal caps cultured in
Steinberg’s solution for 7-10 h after activin A treatment. In brief,
total RNA was extracted according to the guanidine thiocyanate

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

method (10). Then Poly(A)-tailed RNA was extracted from total
RNA by binding to oligo d(T) cellulose. A cDNA library was con-
structed using this RNA as a template. The library, consisting of
approximately 100,000 clones, was screened using *P-labeled
probes generated from stage-10 whole embryo cDNA. Negative
clones were sequenced and compared with known sequences, and
novel clones were examined for their mRNA localization in em-
bryos by hole-mount in situ hybridization.

In vitro transcription and microinjection. Capped sense RNAs for
microinjection were synthesized (11) by using Ambion Megascript
(Austin, TX) SP6 and T7 kits. The clone used was as follows: XSIP1
linearized by Notl and transcribed by Sp6; with embryos fertilized in
vitro, dejellied, cultured, and injected with solutions as described
(12). Embryos were injected in the animal cap with 100 pg to 1 ng at
the 2-cell stage into both or one blastomere or at the 4-cell stage into
the left side blastomeres.

Whole mount in situ hybridization. Whole mount in situ hybrid-
ization was performed as described in Harland (13): Embryos ob-
tained from albino females were used. Digoxigenin (DIG)-labeled
antisense RNA corresponding to 4953 bp of XSIP was synthesized in
vitro. Antidigoxigenin antibodies were purchased from Boehringer
Mannheim. To prepare sections, embryos stained by whole mount in
situ hybridization were dehydrated in ethanol, transferred to xylene
and embedded in paraffin and sectioned at 10 um.

RT-PCR. Total RNA was isolated from various developmental
stages and mRNA was injected animal caps using ISOGEN (NIPPON
GENE). Two micrograms of total RNA were used as a template to
generate first strand cDNA. One tenth of this cDNA was used as a
template in subsequent RT-PCR (Reverse Transcription-polymerase
chain reaction) analysis. The primers used were: XSIP (forward, 5'-
GGGAGCCTCACCTACTCTCCT-3'; reverse, 5-ATCCGCCAGATCT-
CTTGCT-3'), ODC (14), ms-actin (15), F-spondin (16), XAG1 (17, 18),
NCAM (19) and X1HBOX6 (20).

FIG. 3. Whole mount in situ hybridization with an XSIP antisense probe. (A) Stage 9 embryo, vegetal view. XSIP was not detected. (B
and C) Stage 10.5 embryo, dorsovegetal view and vegetal view. XSIP1 is detected in the dorsal ectoderm. (D) Stage 12 embryo, dorsal view.
(E) Stage 17 embryo, dorsal view. (F) Stage 26 embryo. Large white arrowhead and small white arrowhead indicate the telencephalon and

mesencephalon. d, dorsal; v, ventral; b, blastopore.
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FIG. 4. XSIP1 overexpressing embryos. (A) Stage 38 embryo, uninjected control side. (B) Stage 38 embryo, XSIP1 mRNA (500 pg) injected
side. (C) Stage 38 embryo, XSIP1 mRNA (1 ng) injected side. (D) Stage 38 embryo, uninjected side. (E and F) Transverse section of the embryo
shown in B. The section levels are indicated in B. (G) Transverse section of the embryo shown in C. The section levels are indicated in C. I,

lens; r, retina; nt, neural tube.

RESULTS AND DISCUSSION

Animal caps treated with activin A differentiated
into mesodermal or endodermal tissues depending on
concentration, and treated animal caps mimic the or-
ganizer and induced a variety of tissues in other un-
treated animal caps with contact. For example, animal
caps, treated with 100 ng/ml activin A for 1 h and then
cultured for 7-10 h, showed strong induction of neural
tissues into sandwiching animal caps (data not shown).
In order to isolate the genes responsible for activating
neural determination, we carried out differential
screening between activin A treated animal caps and
late blastula whole embryos. We isolated a number of
clones, up-regulated in animal caps treated with ac-
tivin and cultured but not in whole embryo blastulas.
One clone had a two-handed zinc finger/homeodomain
class gene, but lacked the 5’ sequence. We screened the
gastrula library again and isolated this clone (Fig. 1A).
In comparison with other vertebrate zinc finger genes,

this clone showed marked similarities to mouse Smad
Interaction Protein 1 (SIP1), with 77% amino acid
identity (Fig. 1B), and to the vertebrate 6-crystalline
enhancer binding protein (6EF1), with 39% identity.
The homologies between mouse SIP1 and this gene
were 68%, at the nucleotide level, and 83%, at the
biochemically similar amino acid level, (Fig. 1B). No-
tably, these proteins share the same amino acids in the
zinc finger domain and certain similarities in their
Smad binding domain (SBD). These findings suggest
that this clone is a homologue of SIP1 in Xenopus, and
for that reason the clone was named XSIP1.

The length of XSIP was 4529 bp and conceptual
translation of the 3642 bp ORF yielded a 1214 amino
acid sequence containing a two-handed zinc finger and
a homeodomain. This sequence also contains 230 bp of
the 5’-untranslated region and 653 bp of the 3'-
untranslated region. The homeodomain has conserved
arginine and asparagine at the same position, which is
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critical for DNA binding. However mSIP1, XSIP1 and
SEF1 do not contain these critical amino acids. This
suggests they are not able to bind DNA directly and
that they are the same type of two-handed zinc finger/
homeodomain class gene.

To examine the XSIP1 gene expression pattern in
embryos at various developmental stages, RT-PCR
analysis and whole mount in situ hybridization were
carried out (Fig. 2). We designed XSIP1 specific prim-
ers to discriminate another clone, which was for sev-
eral of the first amino acids. This clone had almost the
same sequence (97% similarity to XSIP1) but there was
no effect on embryos with the injection of its mMRNA
(data not shown), suggesting that it might be a splicing
isoform. The single product was not detected from the
unfertilized egg to the stage 8 embryo, and then first
appeared at stage 9 and its expression was maintained
through the progression of development, gradually in-
creasing through the early neurula stage, and was then
sustained in the tail-bud stage. ODC confirmed equal
loading of PCR products in each lane.

To determine localization of XSIP1 expression, we
performed whole mount in situ hybridization using a
digoxygenin-labeled XSIP1 sense and antisense RNA
probe on whole embryos. There was no detectable sig-
nal in stage 9 embryos (Fig. 3A), based on RT-PCR
detection. The first detectable expression of XSIP1
RNA was observed in the dorsal ectoderm at stage 10.5
(Figs. 3B and 3C). From the early neurula stage on-
wards, XSIP expression had entered a second phase
with restriction to the lateral edge of the neural plate
(Fig. 3D), i.e., the presumptive dorsal neural tube and
neural crest. Then, XSIP1 was expressed in the neural
plate and tube along the anteroposterior axis of the
developing central nervous system (CNS) (Fig. 3E).
After the tailbud stage, expression was seen mainly in
the telencephalon and diencephalon of the forebrain,
and more posteriorly along the neural tube and eye
(Figs. 3F and 3G).

Since many zinc finger genes expressed in the early
gastrula through neurula stages induce neural genes
like those of the zinc family (21), we induced overex-
pression of XSIP1 by microinjection of synthesized
XSIP1 mRNA to test the neuralizing activity. XSIP1
MRNA and control mMRNA (pCS2) were transcribed in
vitro, then dissolved in Gurdon’s buffer (88 mM Nacl,
1 mM KCI, 15 mM Tris-HCI, pH 7.5). First, we injected
XSIP1 mRNA into one blastomere of 2-cell stage em-
bryos to over express XSIP1 hemilaterally. In almost
all cases, the XSIP1 injected side was enlarged and
showed poor eye formation (Fig. 4B) or ocular defects
(Figs. 4C and 4G), whereas the uninjected control side
was normal (Fig. 4A). The sections through the head
regions of injected embryos showed neurals to be mark-
edly thickened of the injection side (Figs. 4D and 4F).
Hyperplastic neural walls, as well as distorted eyes

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
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FIG. 5. XSIP1 induced neural marker genes without mesoderm
induction in animal cap explants. Embryos were injected with 1 ng of
XSIP1 or control mRNA into the 2-cell stage animal pole. Animal
caps were explanted at stage 9 and cultured for 2 days. N-CAM,
general neural marker; XAG1, cement gland marker; F-spondin and
X1Hbox6, trunk/tail neural marker; ODC, internal positive control.

and neural tissues characterized the injected side. Par-
ticularly, no lens induction occurred on the injected
side and retinal pigment cells were variably dimin-
ished. In addition to the abnormal head phenotypes,
embryos injected with 1 ng of XSIP1 in both blas-
tomeres developed short tails (Fig. 4G), probably due to
inhibition of Xbra (7).

As has been noted, XSIP1 plays important roles in
early neural development. To clarify the effect of in-
jected XSIP1 mRNA in molecular marker gene expres-
sion, after the injection of MRNA into the animal pole
of 2-cell stage embryos, the animal caps from these
embryos at stage 9 were dissected and total RNA from
the caps, which had been cultured for 2 days, was
extracted. We carried out RT-PCR analysis, demon-
strating that XSIP1 mRNA injection caused up-
regulation of N-CAM (a general neural marker), and
XAG1 (cement gland marker), but no up-regulation of
F-spondin, XIHbox6 (trunk/tail neutral marker) or ms-
actin (mesodermal marker) (Fig. 5). The structures
induced by XSIP1 injection suggest that XSIP1 is an
early activin response gene. When animal caps are
cultured in a medium containing activin A, neural tis-
sue is secondarily induced, owing to primarily induced
mesodermal tissue, resulting in expression of N-CAM.
Mouse SIP1 interacts with Smads via the SBD and by
binding the Xbra-2 enhancer to regulate its expression
and down-regulating Xbra expression (8). XSIP1 is in-
duced by activin A (data not shown), thereby inducing
the neural marker without mesodermal formation and
suppresses Xbra expression indicate the possibilities

156



Vol. 271, No. 1, 2000

that XSIP1 makes neuroectoderm from neural rather
than mesodermal tissue. XSIP injected animal caps
expressed neural marker but did not form neural tis-
sue (data not shown). This, it is probable that other
signals, which can induce neural tissue in animal caps
with activin/Smad 2 signaling, cooperate with XSIP1
to induce the formation of neuroectoderm from neural
tissue.
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