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Characterization and early embryonic expression of a neural
specific transcription factor xSOX3 in Xenopus laevis

ROLAND PENZEL'. RALF OSCHWALD', YONGLONG CHEN, LOTHAR TACKE and HORST GRUNZ'

Universitat GH Essen, FB 9, Department of Zoophysiology, Essen. Germany

ABSTRACT Using the powerful RDA-PCR-technique we could identify a novel Xenopus specific
Sox-gene (xSox3) a transcription factor closely related to the sox sub.group B, which contains a

HMG box.ln normogenesisthe xSox3gene is expressed in the presumptive central nervous system.

Furthermore a maternal component is also found in oocytes and in early cleavage stages in the
animal hemisphere only. By whole-mount in situ hybridization the first zygotic transcription

activities can be detected in the late blastula in the dorsal ectoderm and the dorsal and lateral part

aftha marginal zone. The expression reaches the highest level atthe late gastrula till the late neurula

and fades after stage 30. The expression is restricted from gastrulation onwards to the presumptive

brain area and the lens epithelium. Furthermore we could show that the gene is expressed in

isolated Spemann organizer with adjacent neuroectoderm. The signal can be suppressed by

suramin treatment, which inhibits neural development and causes a shift of dorsal to ventral
mesoderm. The treatment of whole embryos with LiCI and UV results in an overexpression or an

inhibition of the expression, respectively. In exogastrulae (pseudo-exogastrulae) the gene is

expressed in the close vicinity to the endomesoderm only, but not in the distal most part of the

ectoderm. This result indicates that it is unlikely that the gene can be activated by planar signals.

The gene can also be activated in dissociated gastrula ectoderm without mesodermal or neural

inducers. That means that the gene can be expressed in ectodermal cells in a cell autonomous
manner.
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Introduction

The dorsal blastopore lip (Spemann organizer) plays a key role

in embryonic axis formation (Spemann and Mangold, 1924). In the

classical view informative positive signals were expected to chan-

nel the naive ectodermal target cells into neural pathway of

differentiation. Meanwhile several secreted proteins (noggin,

chordin, follistatin, cerberus) could be identified, which are good

candidates to play an important role in the neural determination

(Lamb ef al., 1993; Hemmati-Brivanlou et a/., 1994; Sasai et a/.,

1994; Bouwmeester et al., 1996). However I the traditional view and

expectation that positive signals are involved in neural induction

must be revised on the basis of recent data (Grunz and Tacke

1989, 1990; Wilson and Hemmati-Brivanlou, 1995; Grunz, 1997;

Hemmati-Brivanlou and Melton, 1997). Inconsistent with the idea

of positive signals were results with disaggregated ectodermal

cells, which differentiated into neural structures without inducer in

a cell autonomous fashion (Grunz and Tacke, 1989; Godsave and

Slack, 1991). Itturned outthat inhibitory signal(s) are present in the

intact ectoderm, which cause their differentiation into epidermis

(Grunz and Tacke 1990; Wilson and Hemmati-Brivanlou, 1995).

Disintegration of the ectoderm, addition of neuralizing factors,

which interact with the inhibitory molecules, or the overexpression

of dominant negative mutants of BMP/activin-receptors or ligands

result in the neuralization of the ectoderm. the putative ground or

default state of the ectoderm (see review of Hemmati-8rivanlou

and Melton, 1997). So the classical view must be interpreted in that

neuralization is rather a releasing than an inducing mechanism. In

this signaling pathways, several genes and their products (like

BMP2/4, wnt, vent 1(2) play an important role in dorsal/ventral

determination and as antagonists to factors like chordin, noggin

and follistatin predominantly located in the dorsal mesoderm

including Spemann organizer(Gawantka ef a/., 1995; Kaufmann ef

a/., 1996; Miller and Moon, 1996; Onichtchouk et a I., 1996; Piccolo
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Fig. 1. Schematic diagram of the RDA.PCR method. Solid boxes show

the oligonucleotides used to generate the rester and dflver representa-
tions_ Hatched bo'-es represent the oligonucleotides used to generate rhe

difference products. Single half-arrowssymbolise fillin reactions. Double

half-arrows indicate DNA amplification. To generate second and third
difference products, previously obtained products are reintroduced Into
the process at the tester stage.

ef a/., 1996; Zimmermann ef a/., 1996). Already in eariy cleavage

stages factors are present in the dorsal animal hemisphere, which

are importantforthe determination of dorsal-ventral polarity (Grunz,

1977,1994; Cardellini, 1988; Li ef a/., 1996; Larabell ef al" 1997).

We also started the experiments described below with the aim

of finding genes, which may play an essential positive signaling

role in neural determination. In contrast to earlier approaches,

which need a large amount 01 embryonic tissues (Richter ef a/.,

1988), we used a PCR-based technique, which allows the detec-

tion of rarely expressed genes. This technique is a reasonable

alternative approach to the random screening method (Gawantka

et al., 1995), when small and distinct parts of embryos or tissues

can be isolated by time consuming sophisticated microdissection

only.

We describe here a novel Xenopus specific gene xSox3, which

belongs to the sox.multigene family coding for transcription factors

interacting with DNA in a sequence-specific manner. The expres-

sion of xSox3in normogenesis and several bioassays suggest that

the gene plays an important role in the neural signaling pathway.

Results

Using the Representational Difference Analysis (RDA, see

method) (Figs. 1 and 2) we have isolated a neural-specific gene,

which belongs to the SOX-family containing a HMG box. By this

approach, starting with the neural plates of 40 embryos only, we

could identify the Xenopus specific xSox3, which is expressed in

a highly restricted pattern in the dorsal ectoderm and during the

development of the central nervous system. However, we could

also show that the gene is already expressed maternally and

mRNA can be detected in the animal hemisphere 01early cleavage

stages. Expression of the gene in whole embryos, ectoderm and

Spemann organizer after disaggregation, UV-, LiCI- and suramin-

treatment suggest that xSox3 plays an important role in the neural

determination pathway.

Isolation and sequence of xSox3

We obtained a 1.660bp cDNA clone with a single open reading

frame coding for a 309 amino acid protein with a calculated

molecular weight of 34.039 kDa containing a HMG box character.

istic of the SOX family (Fig. 3). The 79 amino acid HMG box of X.

faevis sox3 is located 38 amino acids from the first inframe

methionine which is assumed to be the translation start by the high

overall homology (81.8%) between the Xenopus and chicken sox3

sequences. The 3'-untranslated region (UTR) comprises the puta.

tive polyadenylation signal AA T AAA and a poly(A) tail with thirty

adenine residues.

Fig. 2. Separation of the Third Difference Product (DP3) on a 20/0

agarose gel. The arrow indicates the PCR fragment named N5/4 (236 bp).



Temporal and spatial transcription pat.

tern of xSox3

The transcription activity of xSox3 dur-
ing the early development of X. laevis and

in several tissues of adult animals was

analyzed by RT-PCR. The xSox3 tran-
scripts are detectable in unfertilized eggs
and in early blastula-stages before the
zygotic transcription is turned on (Fig. 4).

After mid.blastulatransitionthere is a no-
table increase of the xSox3 transcripts

which continues at the same level during

neurulation. From stage 25 onwards a

decreasing transcription activity can be

observed which leads to a low amount of

xSox3 transcripts at stage 40. In adult

animals the xSox3 ANA is present in brain

and ovary whereas only very small amounts

of transcripts can be detected in muscle

and skin (Fig. 5). The liver lacks any xSox3

transcription activity.

To determine the exact localizationof
the xSox3 transcripts in different develop-

mentalstages whole-mountin situ hybridi-
zation was performed with early embryos

followed after macroscopic documenta-

tion by the preparation ot histological sec-
tions. Figure 5 shows the results of the
whole-mountin situ hybridization of differ-

ent developmental stages. Relatively weak
signals are already found in the animal half

in the uncieaved egg and early cleavage

stages, which represent the maternal tran-

scripts (Fig. 5A,C,D,E). Transcripts are
found not only at the surtace of the egg but
also in deeper zones (Fig. 5C,D).ln the late
blastula and gastrula stages the signal is

found in the dorsal animal and marginal

zone (Fig. 5F,G,H). The xSox3 transcripts reach down into the
marginal zone (Figs. 5G,H, 7A) and in sagittal sections the signal
can be frequently observed near the nuclei (Fig. 7B). However the
signal is weak in the area close to the blastopore lip and is located

in the inner cell layer only (Fig. 5F,G,H).ln early neurula stages the
signal becomes regionalizedto the presumptiveneuralfolds (Fig.
5B). Additional signals are bilaterally detectable in the zone of the

prospective eye-anlagen (Figs. 7,8). Transversal sections at the
level ot the presumptive eye placodes reveal that the signals are

localized in the inner layer of the ectoderm which in later develop-
mental stages gives rise to the lenses (Fig. 7F,H). As it can already
be seen seen in the dorsal view of the whole embryo, the neural

groove lacks any sox3transcription activity (Fig. 7C,E). In stage 25

embryos the probe hybridizes throughout the neural structures. the

otic vesicles, the branchial arches and the developing eyes (Fig.

8A,B,C). A transversal section uncovers that the signal in the eye

is strictly localized in the lens epithelium and not in the fiber cells

(Fig. 8H,I). The sections in the region of the pros- and mesen-
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Fig. 3. Nucleotide and deduced amino acid sequence of xSox3. The HMG bo>. is double

underlmed The putarive polyadenylarion signal IS in bold and rhe rerminatlon codon IS marked by
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The ,Sryrelated HMG b~-containing gene family (Sox) consists
of a large number of genes with a 79-amino-acid DNA binding
domain (Laudet et al.. 1993). The Sox3 homo logs from chicken,
mice and human have been recently isolated due to their high
homology within the HMG box (Stevanovic et a/., 1993; Uwanogho

et al.. 1995; Collignon et al.. 1995). A comparison of the deduced
sox3 protein from X. laevis with other known SOX amino acid
sequences shows a high conservation within the HMG box (not
shown). The compared HMG box sequences are sharing amino

acid homologies up to 95% whereas outside the DNA binding
domain only the sox3 proteins from different species share two
otherhighlyconserved regions. Forty-six amino acids downstream
of the HMG box in cSox3 and forty-seven amino acids downstream
of the HMG box in xSox3 there is a 42-44 amino acid stretch that
shows high conservation between the two proteins. Twenty-five

amino acids further downstream there is in xSox3 as well as in
cSox3 a second highly conserved stretch within a SerfThr-rich
region. Within this 38 amino acid region only four amino acids are

Neural specijic trwacriptimlfllctor 669

different. However, substituted residues

might not affect the properties.
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Fig. 4. Developmental profile of xSox3 mANA by RT .PCR and agarose

gel electrophoresis. 2 JIg of toral RNA (rom different developmental

stages was reverse transcnbed and PCR was done w/fh 2.5 J.l1of rhe RT

reaction uSIng pairS of primers specifIc for )($0\3 and hlsron H4. The

control reaction f-RT) was done wlrh 2 jIg roral RNA from unfertilized eggs.

The developmenral stages are according to Meuwkoop and Faber (1967),

at whIch RNA was Isolated.

cephalon also show strong signals. The same holds true for the ear

vesicles but not for the lIocr plate of the neural tube (Fig. 8C,F,I).

Later in development another newly formed branchial arch as well

as the above mentioned structures are labeled (stages 30-35; Figs.
6F, 8G). The corresponding transversal sections demonstrate in

detail the distribution of sox3 transcripts in the head area. In

particular,sox3 transcripts can be seen in the dorsolateral regions.

but not in the roof of the diencephalon (Fig. 8H,I).

Expression of xSox3 ectoderm after disaggregation
Disaggregation and delayed reaggregation causes neuralization

of early gastrula ectoderm (Grunz and Tacke. 1989), The neural

default status is prevented by BMP-4, which can be diluted out by

disaggregation (Grunz and Tacke, 1990; Wilson and Hemmati-

Brivanlou, 1995).

As shown in Figure 9A we find a strong expression of xSox3 in

the ectoderm after disaggregation and delayed reaggregation. On

the contrary. the signal cannot be detected in ectodermal cells.
which were reaggregated immediately after disaggregation (Fig.

9A). This result shows that xSox3can be activated in the absence

of mesoderm. These data also suggest that xSox3 is closely

associated with neural determination.

xSox3 ~

H4~

Fig. 5. Analysis of xSox3 expression in tissues of adult animals by RT-

PCR and agarose gel electrophoresis. 2 ~g of rotal RNA from different

tissues was reverse tranSCflbed and PCR was done wIth 2.5 pi of rhe RT

reaction usingpalfs of primers specdlc for ~Sox3 and hiscon H4. The control

reaction (-RT) was performed with 2 JIg cotal RNA from brain tissue wIthout

reverse tranSCflptase.

Expression of xSox3 in pseudoexogastrulae

Since xSox3 is expressed in normogenesis in the whole central

nervous system, the signal should be found in all ectodermal parts

of exogastrulae in the case that planar signals are migrating from

the chordamesoderm to the ectoderm.

Using our pseudoexogastrulation-method (Grunz et al., 1995),

which in contrast to «normal.. Xenopus exogastrulae excludes

vertical neural signaling, the xSox3 transcripts couid be detected

in the close vicinity of the chordamesoderm only. but not in the
distal part of the ectoderm (Fig. 9B). This result suggests that long

distance signaling by planar signals is unlikely.

Expression of xSox3 in Speroann organizer treated with

Suramin

Suramin treatment (150 ~M, 3 h) causes ventralization and the
inhibition of neural structures of isolated Spemann organizer
(Grunz. 1992, 1993; Oschwald et al., 1993). The expression of
xSox3 is suppressed in Spemann organizer after Suramin treat-

ment (Fig. 9C). The result is in agreement with histoiogical analysis

inan earlier paper. where no neural structures could be found after

Suramin treatment of the isolated Spemann organizer (Grunz.

1992). This result indicates that the transcription of xSox3 is an

essential part of the neural signaling pathway.

Expression of xSox3 in LiCf- and UV-(reated embryos
We next asked whether x50x3 expression is correlated with the

dorsoanterior axis formation.

LiCI-treatment causes a strong dorsalization of whole embryos.

while UV-treatment of uncleaved embryos results in the

ventralization/caudalization.By whole-mount in situ hybridization

we observed an increased expression of x50x3 in LiCI-treated

embryos, while UV-treatment causes a dramatic decrease (Fig,

9D). Weak xSox3 signals in UV-treatment embryos are restricted

to the neural tube of the remaining tail structures. The formation of

anterior (brain) structures are fully suppressed by the UV-treat-

ment under our experimental conditions.

Discussion

In this paper we describe the isolation and characterization of a
new sox-gene (xSox3 ), a member of the HMG-box containing
transcriptionfactorfamily. which is expressed in the presumptive

central nervous system.

The primary intention of the paper was to search for genes, which

are predominantly or exclusively expressed in the ectodermal,

ne~oectodermal, or mesodermal anlage of the late gastrula (stage

11 4, Nieuwkoop and Faber. 1967). The aim was to detect also low

abundant genes, which could not be identified in earlier approaches

(Sargent and Dawid, 1983). Before PCR-techniques became avail-

able the oniy possibility to identify new genes was the subtraction

cloning starting with relative large amounts of tissues or cells, or using

whole embryos followed by time consuming skillful microdissection

(Richter et al., 1988; Rosa et a/., 1988). Another approach was the

screening of eDNA-libraries with genes known from other species

(Carrasco et al., 1984; Nusslein-Volhard, 1994). Astonishingly suc-

cessful was recently the random screening of Niehrs and collabora-

tors, which resulted even in the detection of a novel class of genes

(Gawantka et a/., 1995, Onichtchouk et a/., 1996). However, using
this technique, alsoa large number of intact embryos was needed as
sfarting material. Using the traditional screening fechniques recently



Fig, 6. Whole-mount in situ hybridization

with xSox3 using early cleavage. gastrula

und neurula stages of Xenopus-Albinos.
(AI Early cleavage stages_ Upper row from

left: uncleaved egg, 4-cell stage, 4-cell-stage
(astensk, View on the vegetal side), 16132-

stage, Lower row from 'eft: Cwo morula-
seages, late blastula stage (vlewon eheanlmal
pole), blastula (aseerisk; view on the vegeeal

pole). Sox Signals are found In ehe animal

hemisphere only. (61 Earlygastrulae (3 em-
bryos In the upper row; view on the animal

hemisphere), early gastrulae (3 embryos 10

ehe middle row; view on ehe vegeeal hemi-

sphere', middle edl late neurula (lower row
and the embryos on the right In the upper and middle row) Signals are found m the animal hemisphere and the neural folds ICI The two blastomeres

of a 2-cell stage were separated m the cleavage plane with fine glass-needles (next venical cleavage starts already at the animal pole on the righrJ. The

signal can be seen like a crescent at the animal pole only. ~D) One blastomere of a 4-cell stage embryo was separated m the cleavage plane by flOe glass-

needles. The transcflpts are vIsible in the animal hemisphere only. The signal is noe only found m the correA of the blastomeres, but as a crescent m the

deeper zones. (EI In this morula stage the signa/Is located close to the nuclei (Arrowhead; compare wIth Fig_78). IF) Whole-mount m Situ preparation
using early gastrulae (view on ehe vegetal side (Iefe embryo), on the animal hemisphere (middle embryo) and side view on the dorsal blastopore flp (embro

on the fight). The blastopore Is mdlcated by arrows As control for proper stamlng an advanced stage (early larva) was Created under the same condlt/ons.

The signal can be seen in the brain,neural tube and lens, IGJ Sagittal section of an early gasrrula. The\Sox signal IS much stronger on the dorsal side.

This especlaffy can be seen 10non-Eosin (red)-counterstalned sections (not shown) The blastopore IS marked by an arrowhead (HJ Same section as in

G (area between the twoaseerlsks)at hlgnermagndicatlOn. The transcripts are mainly found In the deep layer, but not In the superficial layer. The superficial
layer consists of one cell layer only (see dotted line and arrows'.
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sox3expression could be shown in Xenopus oocytes (Koyano et al"
1997). The technique can be hardly used for the Isolation of mRNA

from small parts of the embryo. Therefore, we established a PCR-

based method (RDA-PCR) which allows the analysis of genes

starting from small amounts of tissue, in our case dissected parts of

40 gastrulae. In our first approach with DDRT-PCR (Bauer at al.,

1993, Liang and Pardee, 1992) we could demonstrate significant

differences between the 4 different isolated tissues: neural plate,

chordamesoderm, endoderm and ventral ectoderm (not shown).

Nt'ural .otpl'cific tfll1HCript;ou }(ICI0,. 671

c
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However, we did not get reproducible results during the following

reampliflcation procedure. On the other hand. with the RDA-PCR-

technique we could isolate in Xenopus a neural-specific gene, which
belongs to the sox-gene-family. Meanwhile a large number of HMG-

box (High mobility group)-containin9 proteins have been identified

mainly in mammals (reviewed by Laudet et al., 1993; Baxevanis et

al., 1995).

Some of these proteins are correlated with sex-determination.

They have been named Sox for Sry-type tfMG bQ! gene. The
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Fig. 7. Whole.mount in situ preparation with xSox3 and Xenopus-albino-embryos.IAI stage 9, ICI stage 15. lEI stage 17. IGI stage' 9 In IB,D.F.HI

the correspondmg transversal sections are shown. The presumptIVe lens placode area is mark.ed by arrowheads. The level of the sections IS indicated

my small arrows. bl blastocoel, an animal pole, ve vegetal pole. In (8) rhe signals can be frequently seen close to the nucleus (arrows). no notochord

By whole-mount in situ hybridization signals can be found in the

future brain area. Of special interest is the fact that in late blastula

and early gastrula xSox3 message is predominantly localized at

the dorsal side of the embryo.

Transcripts are found mainly in the dorsal animal cap and the

marginal zone. In sections we can demonstrate that the signal is

frequently located near the nuclei. The data suggest that xSox3 is

an important factor in the dorsal signaling pathway resulting in the

determination of mesoderm and neural structures (Miller and

Moon, 1996). It could be speculated that xSox3 could like LEF-1

mouse genome contains about 20 Sox genes subclassed into
seven groups A to G (Wright et al., 1993). Genes from group B,
including Sox-1. Sox-2. Sox'3. Sox-19 are thought to participate in
the determination of the central nervous system (Vriz et al., 1996).

All these DNA binding proteins of the HMG-type transcription
factors have in common a conserved DNA binding domain, i.e. the
High Mobility Group (HMG) box. It binds sequence-specific prefer-
entially to non-B-DNA. Of great importance is the fact that LEF-1.

a related HMGbox.containing protein, has been shown to play an
important role in tooth development (Stock et al.. 1996) and in
dorsal mesoderm formation

(Huber el al.. 1996).

A LEF1-like molecule is

thought to form a LEF1/p-catenin

complex, which enters the nu.

cleus and binds to the promoter

region of E-cadherin. This trans-

location is one of the last steps of

the Wnt-signaling pathway lead-

ing to mesoderm dorsalization

(Kuhl and Wedlich, 1996: Miller

and Moon, 1996, Schneider el

al., 1996). In further studies it

should be tested if xSox3 acts in

a similar way in the regulation of

neural determination, since in late

blastula and early gastrula the

expression is stronger on the

dorsal side of the embryo.
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By AT-PCA we could show

that the gene is already mater-
nally expressed. Signals can be

detected during the whole early
development up till stage 40. Af-
terwards it fades continuously.
However it should be pointed out

that in adult frogs signals again
are found in brain and ovary.

~
_...

..'ne
i /

"

"'. .
I ~.. .. J
'... ,. J

Fig.8. Whole-mount in situ preparation with xSox3 and Xenopus-albino-embryos.IAI Stage 25.IDI stage

30. (GI stage 35. The corresponding transversal sections are shown In the fight part of the panel. IB.E.H,II

sections in the eye region. (C,F) in the zone of the otic vesicles (see arrow in C). Note that the "J(SOJI.In B is found

in the deep layer of the lens placode. Ar higher magnification the trancflpts can be identified in the

lenseplthelium. but not In the lens fibers (I). Ie lens, ne brain. at otic placodes.
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A B

Fig. 9 Whole-mount in situ

preparation with x$ox3 after

different biological assays.IA)

Ectoderm of early gasrrulae dis-

sociated and single cells

reaggregated after 4 h culture,

which causes neurallzation

(Grunz and Tacke, 1989) show a

strong >;Sox3signal (upper row).

Disaggregated and Immediately

reaggregated ectodermal cells

(control series) show no e\.pres-

sian (lower row). A late neurula
(middle) is shown to indicate the

large size of the reaggregated

cell mass. (Sl/n rhe pseudoexogastrula xS0);3 is e\.pressed in the Intermediate zone between rhe ectoderm (left) and the endomedoderm only. bur not

in the disral part of rhe ecroderm. ICI Dorsal blastopore lip (Spemann organizer) was rreated with 150 pM Suramin for 3 h (upper row). Untreated controls

and rhe two untreated embryos show the expression of xSox3 (arrows). (01 Trearment of uncleaved embryos with UV and 32-cell embryos with LiCI.

The UV-treatedembryo (second from lefr)without head structures shows no xSox3 e\.presslon. On the other hand the dorsahzation by LICI (second from
right) causes a strong signal in rhe head area including the lens.

-

participate in the wnt-signaling pathway at the level of the compiex

formation with r3-catenin, which enters the nucleus for further

interaction with the DNA (Huber et aI., 1996). Since in whole-mount

in situ xSox3 expression (mainly on the dorsal side) after MBT is

detected slightly earlier than the neural specific ~-tubulin (Richter

et al., 1988), characteristic for terminal neural differentiation, its

expression profile fits well in the hypothetical role of a neural

specific transcription factor.

Importance of zygotic spatio-temporal expression of xSox3
for neural determination

So far we do not know the role of the maternal transcripts during

the early cleavage stages (Koyano eta/., 1997). On the other hand

our UV- and LiCI experiments show that x$ox3transcribed aKer MBT

is only expressed, when brain formation takes place. Further experi-

ments are needed to decide, if xSox3expression is a prerequisite for

proper brain formation (loss of function experiments). While xSox3

is overexpressed in the LiCI-treated embryos (defectsofthe posterior

axis), UV-treated embryos (defects of the anterior axis) show only

weak signals in the remaining posterior neural tube.

Furthermore we could show that xSox3 is not expressed in

Spemann organizer with adjacent ectoderm after treatment with

Suramin (Grunz, 1992). Suramin prevents the formation of neural

structures and causes a shift of dorsal to ventral mesoderm (Grunz

1992, 1993; Oschwald at al., 1993). That means that x$ox3 is

closely related to the determination of neural sfructures. Experi-

ments with artificial exogastrulae (pseudoexogastrulae, Grunz et

D

-

a/., 1995) indicate that x$ox3 is not activated by planar signals.

x$ox3 is expressed in the intermediate zone between

endomesoderm and ectoderm in the very vicinity of mesoderm only

and not in the more distal part of the ectoderm. These results

confirm our earlier findings that planar signals are of minor rel-

evance for the terminal neural determination. In a further approach

we could show that xSox3 can be activated in a cell autonomous
manner. Disaggregated ectodermal cells, kept as single cells for 4

h prior to reaggregation form neural structures (Grunz and Tacke,

1989; Godsave and Slack, 1991) and show a very strong x$ox3

signal. That means that the activation under these conditions does

not depend on the presence of mesoderm and external neural

signals like noggin, chordin, follistatin or cerberus.

In contrast to the classical view more recent data suggest that

neuralization does not take place by positive signals (Grunz and

Tacke 1989, 1990; Sasai at al., 1995; Wilson and Hemmati-

Brivanlou, 1995; ). That means that neuralization can occur by

inhibition of signaling by BMP-like molecules (reviewed by Hemmati-

Brivanlou and Melton, 1997). This can take place by interference

with the communication between cells, their positions within the

animal cap (Chen and Grunz, 1997), the interaction between BMP

and mesodermaJizing/neuralizing molecules like activin, chordin,
noggin or folJistatin or by the overexpression of dominant negative

BM? receptors and ligands. Taken together, the information so far

available strongly suggest that inhibition of BM? signaling is

sufficient for neuralization. The action of sox-transcriptions factors

are expected downstream in the 8M? and wnt-signaling pathway.
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Further loss and gain of function experiments are needed to
determine the exact role of xSDx3 in the neural determination
process.

Materials and methods

Embryological manipulation and cell treatments
Xenopus faevis embryos were obtained by injection of female frogs with

1000 IU of human chorion gonadotropin ($chering AG, Berlin, Germany)

and artificial fertilization. The embryos were raised in Steinberg solution

(58.18 mM NaCl. 0.67 mM MnCL,. 0.34 mM Ca(NO,),. 0.8 mM MgSO,:

pH 7.4) up to stage 1134 according to Nieuwkoop and Faber (1967). The

jelly coat was removed by treating the embryos for 8 min at 20'C with 3.5~o

cysteiniumchloride. The embryos were rinsed several limes in Holtfreter

solution with penicillin/streptomycin and the vitelline membrane was re.

moved mechanically with fine watchmakers' forceps.

The presumptive neural plate, the chordamesoderm and the ventral

ectoderm were dissected from 40 embryos (stage 11
:).'4)by using fine glass

needles as described elsewhere (Richter et af., 1988; Rosa et al., 1988).

Total RNA from these tissues was isolated by the guanidinium isothio-

cyanate/phenol method (Cox, 1968) with a following LiCI precipitation. The

isolated RNAs were stored at .70 "C.

Preparation of Xenopus pseudoexogastru/ae and treatment of

Spemann organizer with suramin

Exogastrula-like structures were prepared from very early gastrulae

(stage 10) by microdissection as described (Grunz et al., 1995).

Pseudoexogastrulae were cultured until sibling control embryos reached

stage 20, followed by fixation for 2 h in PEMFA for whole.mount in situ

hybridization.

Isolated Spemann organizer with adjacent ectoderm was treated with

suramin (150 pM, 3 h), which results in ventrahzation of dorsal mesodermal

structures and in an inhibition of neural structures (Grunz, 1992). The
ex plants with or without suramin treatment were fixed in PEMFA, when

normal sibling embryos reached stage 20.

Preparation of reaggregates from Xenopus animal caps

The expenments were performed essentially as described previously

(Grunz, 1969; Minuth and Grunz 1980; Grunz and Tacke, 1989, 1990).

Briefly, forty animal caps in each serres were isolated from stage 9 embryos

by using fine glass needles. The explants were disaggregated in Ca2+f

Mg2. .free Barth's solution supplemented with 1/9 vol. of isethionate buffer

(Newport and Kirschner, 1982). In one serres the cells were kept dispersed

for 3 h prior to reaggregation, in another series the dispersed animal cap

cells were immediately reaggregated. Both series were fixed for whole.

mount in situ hybridization. when normal embryos of the same batch have

reached stage 22.

UV and Lithium chloride treatments

UV treatment was performed 30 min afterfertilizalion for 4 min. Embryos

were placed in several Petriperm�. Petri dishes (Fa. Hereus; Grunz and
Tacke, 1986) with a UV-transparent-bottom (membrane) on a Transillumi.

nator.Screen (Fa. Bachhofer; wavelength 302 nm), which allows an UV-

treatment with exact timing (Scharf and Gerhart, 1983).

LiCI treatment was carried out in 0,3 M LiCI in Holtfreter solution for 10

min starting at the 32-ceU stage (Kao and Elinson, 1988).

Representational Difference Analysis (RDA)

The Aepresentational Difference Analysis (ADA) is a PCA.coupled

subtractive hybridization technique primarily used for the identification of

differentially expressed genes in two complex genomes (Lisitsyn et af..

1993). The modified method for cDNAs (Hubank and Schatz, 1994) allows

the identification of differential expressed genes requiring only small

amounts 01 tissue ANA (Fig. 1). First so called eDNA-representations from
neural plates. chordamesoderm and ventral ectoderm Irom 40 late gastrulae

(sl. 12) were synthesized. Therefore the ANAs Irom the mentioned tissues

were reverse transcripted. the primary ds cDNAs were digested with a four

cutting restriction enzyme (Dpnll) and specific oligonucleotides were

ligated to the 3' and 5'-ends of the cDNA. fragments. After a "fill in...reaction

the same specific oligonucleotides were used to perform PCA to amplify the

primary ds cDNAs. The first set of PCA.linkers was removed from the three

cDNA representations by Opnll digestion. Only the cDNA representation

which was used as the tester (neural plate) was ligated to a new set of

oligonucleotides. The two other representations (chordamesoderm and

ventral ectoderm) were pooled and used as the driver without specific

sequences for PCR. After the first hybridization and the fill in reaction only

the tester/tester hybrids were amplifiable in an exponential manner. Two

repeat of both steps (hybridization with increasing driver concentrations

and PCR) leads to an enrichment of several neural.specific PCA.fragments

which were separated on an agarose gel. The eluted fragments were

cloned into the Bam HI site of the pBluescript KS + II vector (Stratagene;

further details see below).

Oligonucleotides

Sequences of oligonucleotides used in the cON A ADA:

R-Bgl-12: 5'.GATCTGCGGTGA-3'

R-Bgl-24: 5'-AGCACTCTCCAGCCTCTCACCGCA-3

J-Bgl-12: 5'.GATCTGTTCATG-3'

J-Bgl-24: 5'-ACCGACGTCGACT ATCCA TGAACA-3'

N-Bgl-12: 5'-GA TCTTCCCTCG-3'

N-Bgl-24: 5'-AGGCAACTGTGCTATCCGAGGGAA-3'

cDNA synthesis and generation of representations for cDNA RDA

The PCA-coupled subtractive process of representational difference
analysis (ADA) was performed according to Hubank and Schatz (1994).

Double stranded cDNA from the iiPove mentioned tissues ANA was

generated by uSing the ArboCJone cDNA Synthesis System AMV AT

with OligO(dT)15 Primer (Promega). 2 jlg of double stranded cDNA was

digested with DpnlJ (New England Biolabs), phenol extracted, ethanol

precipitated and resuspended in TE. About 1.2 ~Igof cut cDNA was ligated

to the A.Bgl-12/24 adapter in the following mixture: 2 mglml desalted A-

Bgl-24 oligo, 1 mg/ml desalted A-Bgr-12 oligo. The ligation reaction was

heated to 50"C in a PCA cycler to anneal the oligonucleotides to each

other and to the cDNA, then cooled to 10°C over a period of 1 h, and the

ligation was performed by adding 3111of T4 DNA ligase (400 Will), and

incubating for 16 h at 14"C. The ligations were diluted to 6 I-Ig/ml and

several PCA reactions were performed as follows to generate the initial

representations. A 200 pi reaction contained 21-11of diluted ligation and 20

III 10 x reaction buffer (MBI Fermentas), 4 mM MgCI2, 100 Ilglml BSA,
dATP, dCTP. dGTP and dTTP (all 0.3 mM) and 2 ~g R-Bgl-24 primer. The

12 mer oligo was melted away (3 min 72'C) and the 3' ends were filled in
with 4 U of Taq DNA polymerase (MBI Fermentas) (5 min 72"C). Finally
twenty cycles 01 PCA amplification (1 min 95~C; 3 min 72°C) were
performed and the PCR products were combined. phenol extracted,

ethanol precipitated and resuspended in TE at 0.5 mg/ml. The represen-

tations were digested with Dpnll. phenol extracted and ethanol precipj.
tated to remove the R-adapters. The representation to form the driver was
prepared at this point. A portion (20 I1g) of the representation to form the

tester was gel. purified on a 1.2'% TAE agarose gel and eluted uSing the
Qiaquick Gel Extraction Kit (Qiagen). 21lg of the tester were ligated to the
J-Bgl.12/24 adapter in the same way as described above.

Hybridization and selective amplification

The first subtractive hybridization was carried out with 0.4 pg J-ligated

tester and 40 jl9 driver. The mixture was phenol extracted, ethanol

precipitated, and resuspended in 4 jll3xEE buffer [30 mM EPPS (Sigma),

pH 8.0 at 20°C; 3 mM EDT AJ. The sample was overlaid with mineral oil and

the DNA denatured (6 min 98CC). The salt concentration was adjusted

with 1 1-115 M NaCI and the hybridization was performed for 20 h at 67°C.
The hybridized DNA was diluted with 8 jll TE containing 5 I1g/I.1Iyeast
ANA, and thoroughly resuspended in 400 IIITE. Four PCA reactions were



set up with 20 ).11of the diluted hybridization mixture, but without the

primer. The J-Bgl-12 oligo was melted away, ends were filled in with 5 U

ofTaq DNA polymerase, and 2).1g J-Bgl-24 primer added. After ten cycles

of amplification (1 min 95~C; 3 min 70ce) the four reactions were
combined, and phenol extracted, isopropanol precipitated and

resuspended in 40 ).110.2xTE. A mung bean nuclease (New England

Biolabs) digestion was performed, to remove unannealed ssDNA. Four

amplification reactions were set up with 20).11of the digested product and

2).11 J-Bgl-24 primer (1 mg/ml). 5 U of Taq DNA polymerase were added

at 80~C and 18 cycles (1 min 95°C; 3 min 70°e) performed. The products

were combined and phenol extracted, isopropanol precipitated and

resuspended to 0.5 ).1g/).1I,to get the first difference product (DP1). The J-

adapters of DP1 were changed to the N-Bgl-12/24 oligos as described

above, and the procedure of subtractive hybridization and selective

amplification were repeated to give the DP2. In the second hybridization

step 50 ng tester was mixed with 40 I1g driver, and amplifications,

annealing and extension were performed at 72~C. The third difference

product (DP3) was generated with 100 pg J-ligated tester and 40 I1g

driver, and 22 cycles in the final amplification (Fig. 2).

The resulting products were digested with Dpnll and separated on a

1.2~';' T AE agarose gel. The visible fragments were isolated and cloned
into the BamHI site of the pBluescript KS+ II vector (Strata gene). Plasmid

DNA was prepared by using the JET prep Plasmid Miniprep Kit (Genomed),

and sequenced by an ALF@DNASequencer(Pharmacia). The sequence

of clone N5/4 with a length of 236 bp was analyzed in the EMBL database,

Heidelberg, Germany, with the FASTA program.

Screening of a cDNA libraries

A ZAP EXPRESSTM cDNA library from X. laevisstage 29/31 (courtesy

of Thomas Hollemann, Tomas Pieler, G6ttingen) was screened with

primers complementary to the 5'- and 3' ends of clone N5/4 (5'-

AGCGCAGGT A TGACA TGAGCG-3'; 5'- T ATCTCGCAGGTCTCCC-

AGGC-3'). The corresponding cDNA was isolated from the positive

fraction by using a PC A-coupled strategy and the manufactures protocol

(Strata gene) for the in vivo excision. The obtained 1.660bp cDNA was

sequenced and ana lysed as described above. DNA and protein sequence

comparison and alignment were carried out with the MacMollyTM Tetra

program, version 1.0 (Soft Gene, Berlin). The nucleotide sequence of

xSox3 has been deposited in the EMBL Data Library with the accession

number Y07542.

RT-PCR
Total ANA from tissues and different developmental stages was

digested with 20 U deoxyribonuclease I (Boehringer Mannheim) for 30

min at 3TC to avoid genomic DNA contamination. ANA (2 I1g) was
reverse transcripted with Superscript reverse transcriptase for 1 hat 3TC
using 0Iigo(dT)1sprimer. AT-PCA was performed in a22.5111reaction with

2.5111 of the AT reaction (1x95°C, 3 min; 5WC, 1 min; 72~C, 1 min;
30x94°C, 1 min; 58~C, 45 sec; 72°C, 1 min) with the following primers:
3'(L) 50x3 primer5'-AGCGCAGGTATGACATGAGCG-3', 3'(U) primer 5'-

TATCTCGCAGGTCTCCCAGGC-3'. The histone H4 primers were pro-
vided by Thomas Hollemann and Tomas Pieler, G6ttingen.

Whole-mount In situ hybridization

Xenopus laevis eggs tor the whole-mount in situ hybridization were

obtained as described above and cultured in Steinberg solution with
added penicillin/streptomycin until the desired stage. The vitelline mem-
brane of embryos up to gastrula stages were penetrated by a Proteinase

K (10 I1g/ml) incubation. The vitelline membrane of elder stages were
removed with watchmakers forceps. All embryos were fixed for 2 h in

HEMFA and transferred to ethanol before storage at -20cC.
To generate DIG-labeled antisense ANA probes from the xSox3

cDNA clone the pBK-CMV phagemid containing the insert was linearized

with EcoAI. The in vitro transcription was performed according to the
Boehringer Mannheim standard protocol. in situ hybridization was
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essentially carried out as described elsewhere (Oschwald et al., 1991,

1993).

For sections stained embryos were dehydrated through a series of 25,

50, 75 and 100'% ethanol in distilled water and stored at -20°C. For

embedding (modified after Grunz, 1970, 1983), the ethanol was ex-

changed for an ethanol/xylol solution (1: 1), 100% xylol (both 1 h at room

temperature), Paraffin (Merck) for 6 h at 48cC, Jung-Histowax� (Cam-

bridge Instruments) overnight at 60"C and finally embedded in freshly

prepared Jung-Histowax�. After sectioning at 12.5 ).1m,slides were dried

overnight at 3TC and treated with Rotihistol (Roth; 3x15 min), isopropa-

nol (5 min), 96, 85, 70 and 50~;' ethanol (6 min each) and finally distilled

water. After staining in 0.1% eosin solution for 15 min, the slides were

rinsed in distilled water, differentiated in 80% ethanol, followed by 96'%
ethanol (3 min), isopropanol (3 min), Rotihistol (15 min) and mounted in

Canada balsam.

Photography of embryos was performed under a Zeiss STEMI SV8

dissecting microscope using a Kodak Ektachrome 200x professional film.

Sections were photographed under a Leitz-Orthoplan-microscope using

a Kodak Ektachrom 64T professional film. Slides were scanned with a

Nikon LS-1000 35 mm-film scanner. Images were imported into Adobe

Photoshop 4.0, processed and printed with a KODAK 8650PS Color

Printer (hard copies) and simultaneously submitted as CMYK-TIFF files

on a writable CD.
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