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SUMMARY

An expression cloning screen was used to isolate a novel wnts and in particular of Xwnt8 plays a role in antagoniz-
gene homologous to the extracellular cysteine-rich domain ing dorsal signals. It also suggests that inhibiting ventral-
of frizzled receptors. The gene (which we callesizzledfor izing wnts parallels the opposition of BMPs by noggin and
secreted frizzled) was shown to encode a soluble secretedchordin. szl expression is restricted to a narrow domain in
protein, containing a functional signal sequence but no the ventral marginal zone of gastrulating embryos. szl thus
transmembrane domains. Sizzled (szl) is capable of inhibit- encodes a secreted antagonist of wnt signaling likely
ing Xwnt8 as assayed by (1) dose-dependent inhibition of involved in inhibiting Xwnt8 and XmyoD ventrally and
siamois induction by Xwnt8 in animal caps, (2) rescue of whose restricted expression represents a new element in the
embryos ventralized by Xwnt8 DNA and (3) inhibition of  molecular pattern of the ventral marginal zone.

XmyoD expression in the marginal zone. Szl can dorsalize

Xenopusembryos if expressed after the midblastula tran-  Key words: Xenopyswnt, frizzled, marginal zone, ventral

sition, strengthening the idea that zygotic expression of patterning, dorsalization

INTRODUCTION et al., 1992). Although the involvement of specifiat genes

in axis specification remains speculative, maternal stores of a
Over a dozen related genes are presently known to belongdownstream component of the wnt pathwBycatenin, are
thewntfamily (Nusse and Varmus, 1992; Parr and McMahonclearly required for axis formation (Heasman et al., 1994). This
1994). Since the initial identification @fitl as an oncogene s likely due toB-catenin being necessary and sufficient for the
activated by retroviral insertion (Nusse and Varmus, 1982), formation of a dorsovegetal blastula organizer also known as
genes have begn asc_ribed roles in a.multitude of developmeape Nieuwkoop center (Wylie et al., 1996; Fagotto et al., 1997)
tal processes, in a wide range of animals from nematodes \ghich, in turn, induces the gastrula organizer in the overlying
vertebrateswntgenes encode secreted proteins that have so fgpgal marginal zone (DMZ). The gastrula (or Spemann’s)
resisted purification in both soluble and active form, a pmpert%rganizer, also known as the dorsal marginal zone, patterns the

that has significantly delayed identification of their receptors.aq; of the equatorial region of the embryo, known as the

The recent discovery that thBrosophila frizzled2 9ene  ventral lateral marginal zone (VLMZ). As a result, the lateral

gegions of the VLMZ will form muscle and kidney while the
fost ventral zone will become blood and mesenchyme. The
%/IZ will develop into prechordal plate and notochord.

events evoked by it, was made possible by the availability of
soluble wg preparation (Bhanot et al., 19963zledgenes, of

which almost a dozen are already known (Wang et al., 199 toDi ion ofunt has d tcally diff ¢
encode seven-spanning transmembrane proteins, with opic expression ownt genes nhas dramatically difieren

conserved extracellular cyteine-rich domain (CRD), which i€TeCts depending on the time and place of expression. Before

necessary and sufficient for wg binding (Bhanot et al., 1996)the mid-blastula transition (MBT) ventral wnt expression (from

The first member of the familyDrosophila frizzledlis a  niected mRNA), induces dorsal structures and results in
tissue polarity gene (Vinson et al., 1989) required for thdwinned embryos while post-MBT expression (from injected
proper proximodistal orientation of bristles on the body and foPNA) results in ventralized embryos (reviewed by Kimelman
the mirror symmetric arrangement of ommatidia in theet al., 1992). Xenopus wn{8wnt§ is expressed zygotically
compound eye (Zheng et al., 1995). Before frizgienes were  in VLMZ, being excluded from the organizer (Christian et al.,
identified as receptors for wnts, another component of the wt991). Xwnt8 inhibition by a dominant-negative construct
pathway,dishevelledvas also known as a tissue polarity genedecreases XmyoD expression in the VLMZ (Hoppler et al.,
(Krasnow et al., 1995). 1996). Xwnt8 therefore normally functions to antagonize
The wnt pathway is implicated in early axis induction eventslorsal marginal zone (DMZ) signals and to positively regulate
and mesoderm patterningXenopugMoon, 1993; Kimelman lateroventral mesoderm formation, in particular to maintain
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XmyoD expression laterally in the region fated to becomeén situ hybridization and immunohistochemistry

somitic muscle. Whole-mount in situ hybridization was done as described (Harland,
We report here the expression cloning and properties of ¥991) with both digoxigenin- and fluorescein-labeled antisense RNA

secreted protein homologous to the CRD of frizzled genes, batobes. For double in situ hybridization, the two probes were detected

which lacks any obvious transmembrane domain. This genéyccessi\_/ely. The first probe was _usually detected using 5-bromo-4-

which we callsizzled(for secreted frizzled) can antagonize CMoro-3-indolyl phosphate 4-toluidine salt (BCIP) for the color

Xwnt8 in a number of assaysizzleds expressed in an unusual reaction and, after inactivating the alkaline phosphatase, the second

. icted | . fth inal eprobe was detected using Magenta Phos. In single in situ hybridiz-
pattern, In a restricted ventral territory of the marginal zon ations, a combination of 4-nitro blue tetrazolium (NBT) + BCIP or

Its action in the ventralmost subset of Xwnt8-expressing cell§m purple (Boehringer Mannheim) was used for detection. In most
presumably inhibits Xwnt8 signals ventrally. Frzb, a distantlyinjection experiments, 10 pg RNA encoding a nuclear localized GFP
related Xwnt8 inhibitor has recently been described and iwas used as a lineage tracer which was subsequently detected in
expressed in the organizer (Leyns et al., 1997; Wang et aflpuble in situ hybridization using an antisense GFP probe. Embryos
1997) in a pattern complementary to that of Xwnt8. Xwntgwere cleared in Murray’s clearing reagent; both cleared and uncleared
signaling thus appears to be antagonized in both dorsal aﬁmbryos were |mage_d on either a Z_elss Steml stereoscope or a Zeiss
ventral marginal zones by the action of frizzled-related !°POt equipped with a Sony 3 chip color video-rate CCD camera,

ted fact bdividing th inal into at | controlled by Northern Exposure software (Phase 3 Imaging).
fS:lfrr%gmaﬁlc‘:sors, subdividing the marginal zone Into at 1€agy ,nofluorescence was performed according to standard methods.

The 9E10 monoclonal antibody was used to detect myc-tagged szl in
stage 10.5 injected embryos using a cyanine 3-conjugated secondary
antibody (Jackson Immunoresearch). Nuclei were stained with DAPI.

MATERIALS AND METHODS Confocal images were collected on a Zeiss LSM-410 confocal micro-
scope using a 40x/1.2NA water immersion lens. Coincident Z series
Xenopus embryos were obtained for both the cy3 and the DAPI signal. All images were

Pigmented and albin%. laevisembryos were obtained by in vitro fer- imported into Adobe Photoshop to make composite figures. Image
tilization, dejellied and cultured in OsIMarc’s Modified Ringer's contrast and brightness were adjusted only to match printer output.
(MMR) containing 50ug/ml gentamycin at 16-18°C. Staging of
. ) Cell culture
Xenopusembryos was done according to Nieuwkoop and Fabe

; . ) 93T cells were cultured using standard tissue culture techniques.
(Nieuwkoop and Faber, 1967). Embryos were injecteckimMUR + :
5% Ficoll and then transferred to 8. RIMR + 5% Ficoll until further pCS2+ szIMT was transfected into 293T cells at 50-60% confluency

sing Lipofectamine (Gibco BRL). Transfection efficiency was

. . . . . u
manipulations or harvesting. DNA or RNA dissolved in water were~~ . :
injected at a volume of 10 nl per blastomere if injections were do:Et'matEd using pCS2+ nuclear GFP(S65T). Secreted szIMT was

at the 2-4 cell stage or 1 nl per blastomere at the 32-cell stage. Ani ﬁlrvested in_low-serum medium (OptiMEM — Gibco BRL). Cells

cap explants were harvested from stage 8 embryos and cultured G e>SNg szIMT were judged healthy for the whole duration of the

0.5xMMR + 1mg/ml BSA until the indicated stage reached by Controlexperlment. The possible cellular debris were pelleted from the media
. after harvesting.
embryos raised at the same temperature.
Transgenic embryos RT-PCR
T g i ‘ b ted b tricti RT-PCR for siamois was done as described by Brannon and
ra(r;_sge(rju_ enopusm frlyos vv_erea gelnera_de DNyAr?S riction ené}ll.me(géimelman (1996). 25 cycles were used to detect the siamois cDNA.
mediated integration of linearized plasmi Into permeabilizeG5c RT reaction contained RNA extracted from 10-20 animal cap

sperm nuclei, as developed by Kroll and Amaya (Pf)m” and Amayag, plants or 2 whole embryos. Each PCR reaction corresponded to one
1996). Nuclear transplants were done ikGWMR + 5% Ficoll and i cap explant or one tenth of a normal embryo. The qualitative

embryos were raised in &MMR + 5% Ficoll after approximately natyre of the RT-PCR was tested by amplifying serial dilutions of total
stage 7. cDNA and siamois plasmid standards.

Library construction and cloning
A directional cDNA library from stages 14 through X@nopus ESULTS
embryos was built in the plasmid vector pCS2+ (Turner ancB
Weintraub, 1994). Capped RNA was synthesized by in vitro tran- e . .
scription from pools of 100-200 independent transformants aldentification of sizzled (szl), a secreted protein
described (Krieg and Melton, 1984). 1-2 ng of RNA from each pooomologous to frizzled
were injected into one ventral blastomere of 4-cell stage embryoS§mall pools of RNA representing 100-200 independent clones
Embryos were score visually at stages 11, 14, 18 and 26 for th{gustig et al., 1996) of X. laevis stage 14-20 cDNA library
presence of duplicated axial structures or other observable phengrere screened for the ability to generate a duplicated body axis
types. Pools judged positive were retested and, if still positive, SUl{Lemaire et al., 1995) or any other visible developmental per-
divided and sib-selected down to single positive cloned as describggrpation in Xenopusmbryos. 1-2 ng of capped synthetic RNA
by Lustig et al. (1996). Single clones were sequenced on both stranﬁiam each pool was injected into one ventral blastomere of 4-
on an automated DNA sequencer. .

cell stage embryos. We screened approximately 300 pools (rep-
Constructs resenting 50,000 independent clones). One of the positive

The entire open reading frame of sizzled was amplified by low-cycl@00IS reproducibly caused embryos to develop significantly
number PCR using Pfu polymerase (Stratagene) and cloned as @Rlarged dorsoanterior structures (most notably large cement
BamHIXhol fragment into pCS2+ and as a BanG# fragmentinto ~ glands). Sib selection of this pool resulted in the isolation of a
pCS2+MT (Rupp et al., 1994) thus generating a fusion protein witingle clone, as little as 10 pg of which was capable of gener-
6 copies of the myc epitope at the carboxy end. ating the same phenotype in injected embryos. This phenotype
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was dramatically enhanced in embryos injected with increastetected by immunofluorescence in stage 10.5 embryos.
ing amounts of RNA (100 pg to 1-2 ng). These embryos (se@onfocal micrographs (Fig. 2A and B, showing 2 focal planes
Fig. 1B; the two left embryos have been injected with 200 pgf a z-series, located 15m apart) demonstrate that szIMT

szI RNA) appeared hyperdorsal, with large heads and cemedotalizes to the cell surface where it tends to aggregate. Little
glands (indicated by arrows in Fig. 1B and also by bottonsignal can be seen inside the cell except occasional punctate
arrow in Fig. 3B), severely stunted and kinked trunks and tailstaining suggesting the tagged protein efficiently reaches the
wide and misshapen neural plates and folds which often dickll surface.

not close (in Fig. 1B, compare the region between arrowheadsTo determine if szl can be released from cells in a soluble
in the szl-injected versus the uninjected embryo). Part of thirm, we transiently transfected 293T cells with an expression
phenotype is reminiscent of the appearance of Xwnt5Aeonstruct in which a simian CMV promoter drives szIMT
injected embryos (Moon et al., 1993). A histological examinaexpression (CS2+szIMT). We then harvested the proteins
tion of szl-injected embryos (see Fig. 1C, frontal sectiomeleased by the cells in low-serum media. SzIMT present in the
through such an embryo) reveals significantly expanded andedia and the cells, respectively, was analyzed by SDS-PAGE
hypercellular paraxial mesodermal tissue on the injected sidfgllowed by western blotting with the 9E10 monoclonal, which
consistent with the presence of an enlarged muscle actin
expression domain on that side (see Fig. 3A). The positiv
clone was sequenced and found to contain a single op:’

. . . . . L L B - - - = - G VRSN C L S MEM A C TR R FDI 5T Sizzled
reading frame encoding a protein 281 amino acids in lengtl: SRR - - - FEE | A TR v
with a calculated relative molecular mass of 31(. In a 2 = By BRI Lo ssosr SEBL Y sl 50 o
sequence database search using the BLAST algorithm, tl., ey vvexsazuo ERCEE s e
ORF was homologous to an amino-terminal portiofrinfled  *¢ HE»2rrarreoz=chppgrideid=oo ¢ FEEEEA ¥ Xenopus Erzb
genes which corresponds to the ex_tracellul:_;\r cysteine-rici{ (HHAYA:iH.::-HYEE:H BH: & B BB i e
domain (CRD); however, although it contained a strong ... IR H. - Y IFEEEE R
putative signal sequence, it did not contain any obvious tran *** *H#®* ¥ & EIT KRS rrtEv xRS vIETS E Xenopus Brib
membrane domain. We named this new gended. While this e s sBvis552 H : FH © HH i
manuscript was in preparation, a distantly related gene callese - - - " R M HHEFEHEN . | e

. . . 177 EHCEK KFMER T P X N NY KXYV IRA Xenopus 'zl
frzb was described itKenopus The comparison between szl B AR KR A < tEorvEe rmo oML . s ‘:d
. . . K E 5 K L - izzle
and frzb sequences is shown in Fig. 1A. Although clearlyzes B: HH:::: G - HH . EH . ERf g
related by sequence and function, the two genes are only 1€z CH:  H R . : BRI =i
identical and have completely different expression patterns (st___ :

237 ~-RTERAFT VY VIA EIH=- «==-~-HGKVEVHNRTITFHE Sizezled
be|ow)_ 262 DKETRLLL?EESLREKHRJR L—J\KKV‘KREXenopus Erzh
Szl is a secreted protein S Rt - BB AT B

B lateral view

The presence of a putative signal sequence and the absenci
an apparent transmembrane domain suggested that szl
secreted. We first determined whether an epitope-tagged ¢
(generated by attaching 6 copies of the myc epitope to tt
carboxy terminus) was secreted. The tag did not affect tr
activity of the protein, as SzIMT had the same effects as wilc &
type szl in embryo injections (not shown). SzIMT RNA was

injected into 2-cell stage embryos and the SzIMT protein wa

571 RNA uninjected szl RNA + Xwnl8 DNA

dorsal view

Fig. 1. Expression cloning dfizzled, a gene homologoudfiiazled
genes. (A) Sequence comparison between szl and frzb (Leyns et al.
1997; Wang et al., 1997). Conserved amino acid residues are boxed
The two proteins show 18.1% identity at the amino acid sequence
level. (B) Phenotype displayed by stage 26 embryos injected with
200 pg of szl RNA into the ventral side at 4-cell stage. Top row of
pictures shows lateral views of 4 embryos while the bottom row
shows dorsal images of the same embryos. Arrows indicate the
position of cement glands. Note the thick and stunted appearance and
enlarged cement glands in szl-injected embryos as compared to the
uninjected embryo. The neural plate is wide and fails to close

properly (compare the area between arrowheads in a szl-injected
embryo to that in an uninjected one — bottom row). In the embryo on
the right, the phenotype caused by szl RNA injection has been
rescued by coinjecting 100 pg of an Xwnt8 expression plasmid
(CS2+Xwnt8). (C) Hematoxylin and eosin-stained frontal section
through an embryo injected with 100 pg of szI RNA into one dorsal
blastomere at 4-cell stage. The injected side is on the right. Note the
increased cellularity and larger size of the paraxial mesoderm on the
injected side. nt, neural tube; no, notochord; so, somite.
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recognizes the myc epitope. As shown in Fig. 2C, szIMT is The dorsalization effect seen after szl injections was
present in soluble form in the medium (lane 2). An estimatedxamined in more detail at the level of both late and early
5-10% of szIMT is secreted; the rest remains associated withesodermal markers by double in situ hybridization to detect
the cellular pellet (lane 1). both the respective marker and the lineage tracer coinjected
These findings, which are consistent with szl sequenceith szl at 2- or 4-cell stage. When late markers were examined
analysis demonstrate that szl is a secreted protein that localizgsstages 24-26, the injected side of the embryos showed a

to the extracellular space. strong increase in muscle actin staining (Fig. 3A, compare top

) embryos to the bottom one). The notochord (as seen by sonic
Szl dorsalizes embryos when expressed after the hedgehog and collagen type Il staining) was larger but also
midblastula transition shorter and thicker than in normal embryos, with rare instances

We further characterized the szl overexpression phenotype loy partial duplications (Fig. 3B, embryo stained ¥gnopus
injecting szl RNA into the 4 different tiers of blastomeres asonic hedgehog, with the arrow pointing to the secondary
32-cell stage. Although the most pronounced phenotype wamtochord). We next investigated how szl injections perturb
observed when szl was injected into tiers A and B, all injectedarly marginal zone patterning. Dorsal szl injections markedly
embryos displayed the szl phenotype, consistent with szl beirexpanded the expression domaimgobscoidgsc; not shown),

a secreted protein capable of acting at a distance from its homeobox gene expressed in the first involuting dorsal
source. We next investigated the effects of expressing szl aftelastopore cells (Cho et al., 1991) and inhibited the expression
the mid-blastula transition (MBT) from a plasmid construct inof Xpo(Fig. 3C; note absence of staining on the left side, where
which szl was driven by the simian cytomegalovirus (sCMV)injected szl RNA localizes), a ventroposterior gene (Sato and
early promoter/enhancer (CS2+szl). DNA-injected embryo$argent, 1991). Abundant ectopic expression of Xnot, a
(not shown) had the same phenotype as RNA-injectedomeobox expressed mainly in the future notochord (von
embryos, suggesting that post-MBT expression of szl is suffibassow et al., 1993) was seen in the marginal zone overlap-
cient to produce the observed phenotype. Moreover, transgeming with injected szl (Fig. 3E, compare injected right side with
Xenopusembryos expressing szl under the control of thdeft side and with the uninjected embryo in D). In normal
sCMV promoter/enhancer, generated by the method of KroBmbryos, the region expressing Xnot elongates dramatically as
and Amaya (Kroll and Amaya, 1996) showed the samgastrulation proceeds, paralleling the convergent extension
phenotype (not shown). movements in the prospective notochord. In szl-injected
embryos, the endogenous Xnot expression fails to extend and
is significantly shorter along the anteroposterior axis than in
stage-matched uninjected embryos (Fig. 3D; compare to the
szl-injected embryo in 3E, which is also delayed in blastopore
closure). This suggests szl inhibits convergent extension and
provides an explanation for the stunted appearance of szl-
injected embryos. The expressionnopudrachyury in the
marginal zone was unaffected by szl injections (Fig. 3F).

SzI defines a new early ventral domain of gene

expression in the marginal zone

Though these effects of szl expression on mesodermal markers
explain its ectopic effects, they tell us little about its function.
We therefore examined the expression pattern of szl by reverse
transcriptase PCR (RT-PCR) and whole-mount in situ hybrid-
ization (ISH). As determined by RT-PCR, szl starts to be
expressed after MBT (hot shown) and continues throughout
gastrulation and neurulation. We did not detect the presence of
maternal szl transcripts. As seen by ISH, just before gastrula-
tion begins (stage 10) szl is diffusely expressed in the animal

1 2 cap of the embryo. Early during gastrulation the expression
h levels increase significantly and the szl mRNA becomes
Fig. 2.Sizzled encodes a secreted protein. (A,B) Confocal restricted to the ventral marginal zone (VMZ) and ventral
micrographs oKenopusmbryonic (stage 10.5) cells expressing animal cap. By stage 10.25, szl is found in the ventral blasto-
myc-tagged sizzled. Two serial section planes locatedri&part pore lip where it occupies a sector of approximately 120

are shown. The tagged protein appears red (a secondary antibody degrees (see Fig. 4A), which becomes narrower in stage 10.5
conjugated to Cy3 was used. for |mmunofluorescent detection) whlle(Fig_ 4E) and 11 (Fig. 4J) embryos. Expression is highest near
the nuclear DNA is blue (stained with DAPI). In A, the cell surfaces the blastopore lip and decreases on the ventral side toward the

are roughly in the optical section plane, which corresponds to the : .
surface of the embryo. Note the cell surface localization of szIMT in _anlmal pole. At later stages, szI shows a wedge of expression

B, which shows an optical section planeit deeper into the in the ventralmost part of the |nv_olut|ng blastopore. At stages
embryo. (C) Immunoblot of myc-tagged szl secreted into the in the late teens and early twenties, szl is expressed along the
medium by 293T cells transfected with CMV-szIMT. Lane 1: cellular belly, up to and including the heart-forming region (Fig. 4B;
pellet; lane 2: tissue culture medium. Note the higher apparent MW arrow points to szl expression in the heart-forming region), an
of soluble szIMT protein in lane 2. expression pattern that persists in the latest stages examined
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(stage 37). In sectioned embryos, szl is expressed in both supdefine the full-range of phenotypes that szl can elicit, we tested
ficial and deep cells of the VMZ (Fig. 4H; ventral blastoporewhether szl is capable of rescuing axial structures in UV ven-
lip indicated by arrow, with the yolk plug visible above andtralized embryos. 2-cell stage embryos that received a ventral-
szl-expressing ventral cells below it). izing dose of UV during the first cell cycle were injected with
A number of double ISH were performed in order to relataip to 2 ng of szl RNA=90, not shown). Szl had no detectable
the expression pattern of szl to that of other genes expresseffiect, all injected UV-irradiated embryos displaying the same
in the marginal zone. Double ISH for szl and organizer-specifid to 1 dorsoanterior index (a measure of dorsoanterior devel-
genes such as Xnot (Fig. 4l, magenta staining), pintallavis (nojppment; Kao and Elinson, 1988) as uninjected UV-ventralized
shown) or goosecoid (Fig. 4L, light blue staining) show that aembryos. UV irradiation blocks cortical rotation during the first
stage 11 szl occupies a sector ventrally about the size of tlell cycle and embryos do not form a blastula organizer. Szl
organizer. Double ISH performed with genes expressed in ththus differs from chd and noggin by not being able to rescue
entire or just the ventrolateral marginal zone (brachyury — Figdorsal development in embryos lacking an endogenous blastula
4K, magenta staining; XmyoD — Fig. 5A-C, light blue; Xwnt8 organizer.
— Fig. 4E, light blue; Xventl — Fig. 4F,G, light blue) indicated ) )
that szl is more ventrally restricted than any of these genekunctional antagonism between szl and Xwnt8
including Xventl (Gawantka et al., 1995) (Fig. 4F,G; note lighSSince szl resembles the wnt-binding extracellular CRD of
blue staining representing Xventl extends more laterally thafinizzled but lacks the transmembrane and intracellular domains
szl, their overlap appearing dark blue). The expression domaaf the receptor presumably involved in signal transduction, it
of szl is contained within that of Xwnt8, which extends morefollows that szl might act as an inhibitor of wnt signaling. To
in the dorsolateral direction (Fig. 3E). Szl thus defines a newest this hypothesis, we looked at the interaction between szl
ventrally restricted, territory in the marginal zone, adding and Xwnt8 in three different assays. We chose Xwnt8 because
new pattern element to the already known molecular regionaits expression domain contains that of szl as its ventralmost
ization of the marginal zone.

Response of szl to axis
perturbation

We next asked how is
expression affected by treatme
that perturb the embryonic a»
Treatment of early blastulae w
lithium results in dorsalize
embryos. Exposure to lithiu
ions at the 64-cell stage co
pletely extinguished S
expression in the vicinity of tl
blastopore (Fig. 4C); express
was seen and persisted throug|
gastrulation only in the anirr
cap of lithium-treated embryc
Ventralized embryos generated
vegetal irradiation early in the fi
cell cycle showed high levels
szl expression around the en
blastopore (Fig. 4D). The
experiments show that
responds to axis perturbations
expected for a gene involved

muscle actin B

Fig. 3.Szl has dorsalizing activity. (A) Stage 23 szl-injected embryos show increased muscle actin
staining on the injected side compared to the uninjected one (top 2 embryos) or to uninjected embryos

ventral patterning events. (bottom). Muscle actin is shown in blue; the localization of injected szl mMRNA was followed using a
lineage tracer RNA encoding GFP, which was detected using an antisense GFP probe and appears

Szl cannot rescue UV- magenta. The top embryos are seen from their dorsal side and have their anterior ends to the left. The

ventralized embryos left embryo was injected in the right side and the right embryo in the left side (B) Sonic hedgehog

Two genes expressed in (magenta) expression in a szl-injected stage 23 embryo, seen in anterolateral view. The lineage tracer

organizer, noggin (Smith anc¢ s blue. Note the duplicated but short notochord, indicated by the top arrow. The bottom arrow points
Harland, 1992) anchordin(Sasa to the enlarged cement gland. (C) Inhibition of Xpo (blue), a posterqventral marker, by szl. Xpo
i expression is extinguished from szl-overexpressing cells (which stain magenta) on the left side of a

et al.,, 1994) have dorsalizi ) : t -
effects on iniected embrvos. B stage 11.5 embryos. (D) Xnot expression (blue) in a normal stage 12 embryo and (E) in a szl-injected

. dJ hordi r?/ ) he embryo of the same stage. Injected szl is magenta. Note the strong ectopic Xnot expression on the
noggin and chordin aiso he right side of the embryo (which overlaps in part with injected szl and thus appears dark blue) and the
potent UV rescuing activities @  pjocked elongation of the endogenous Xnot pattern. Also note the delayed blastopore closure in szl-
lndeed.. noggin was C|0n_ed ba  injected embryos compared to the stage-matched uninjected embryo (which makes the embryo in E
on this property (Smith al appear as if it were an earlier stage). (F) Stage 10.25 embryo stained for Xbra (blue) and the lineage
Harland, 1992). In an attempt tracer coinjected with szl (magenta). Xbra expression is unperturbed by overexpressed sz|.
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Fig. 4. Expression pattern of sizzled
transcripts inenopusmbryos. In all
embryos dorsal is up and ventral is
down. Szl expression by in situ
hybridization (ISH) in (A) a stage
10.25 embryo and (B) a stage 23
embryo. (C) Vegetal view of a stage
11 embryos dorsalized by lithium, a
treatment which suppresses szl
expression. (D)Vegetal view of a stagg)
11 UV-ventralized embryo showing
szl expression around the entire
blastopore. Double in situ
hybridizations for szl and (E) Xwnt8
(blue) at stage 10.5, (F) Xventl (blue
at stage 10.5, (G) Xventl at stage 24
(I) Xnot (blue) at stage 11-11.5, (J)
frzb (blue) at stage 11, (K) Xbra
(magenta) at stage 10.5, (L) gsc (blug )
at stage 11. (H) Section through a
stage 11 embryo stained for szl. Notg
the expression of szl in both
superficial and deep layers of the
ventral blastopore lip (indicated by
arrow). The unstained region above
the szl-expressing cells is the yolk
plug. Embryos in A, B and H were
stained with NBT + BCIP. Embryos in C and D were stained with Magenta Phos. In E-G and I-L staining was done with BCIP (light blue) and
Magenta Phos (magenta). The overlap between light blue and magenta appears dark blue.

subdomain so the two proteins can, in principle, interact durinfpr szl in regulating XmyoD expression is clear from
development. examining the pattern of Xmyo D expression during develop-
To explore this potential antagonism, we first asked whethenent. XmyoD is initially expressed throughout the marginal
Xwnt8 can rescue the phenotype caused by szl. SzI RNA (200
pg) was injected into the 2 ventral blastomeres of 4-cell stag 4 st. 10.5
embryos either alone or with 100 pg of the CS2+Xwnt€
plasmid DNA which contains the Xwnt8 gene driven by the
strong simian CMV promoter/enhancer. Szl RNA-injected
embryos were alln=30) short and hyperdorsal at stage 26 (se
the two left embryos in Fig. 1B). When szl RNA (250 pg) was
injected together with Xwnt8 DNA (100 pg) ventrally, the
embryos appeared normal=40), demonstrating that Xwnt8
can rescue the szl overexpression phenotype (see the emb
on the right in Fig. 1B). We next tested whether szl can antay
onize Xwnt8 if the two genes are expressed in two adjacel
blastomeres rather than in the same one. 100 pg Xwnt8 DN
was injected at the 4 cell-stage into one dorsal blastome
(n=90). Some of the embryos were subsequently injected wit
50 pg szl RNA into the ventral blastomere adjacent to th
Xwnt8-injected blastomera€32) or into the same blastomere
(n=30). Embryos injected dorsally with Xwnt8 DNA only were
all ventralized 1§=28) while szI RNA injections rescued the
ventralized phenotype, whether szl was expressed in the sal
blastomere as Xwnt8 or in the adjacent one (not shown).

eﬁggts noc;tf;;r E)?/Se;[rg)f( ):évsnst?o/ﬁ ch)r? n)'ﬁlngogtl)s m.llhvgeeixfézrseignthoﬁig. 5. Szl inhibits XmyoD expression. Double in situ hybridizations
X D in th P | f X yob. trul P b éhowing the relationship between szl and XmyoD expression in (A)
myobD In the marginal zone of Aenopgastrulae can be stage 10.5 embryo, (B) stage 11.5 and (C) stage 13 normal embryos.

inhibited by a dominant-negative Xwnt8 construct (Hoppler ej;;jeqd is magenta, XmyoD is light blue. Note how XmyoD becomes
al., 1996). When szl mRNA was injected into one blastomergradually extinguished in the ventral sector occupied by sizzled.

at the 2- and 4-cell stages and then XmyoD was detected {y) szl-injected embryo, showing inhibition of XmyoD expression
ISH at stage 10.5-14, szl caused the disappearance or signifit the injected right side. XmyoD is light blue, the lineage tracer
cant reduction of XmyoD on the injected side (Fig. 5D). A rolecoinjected with szl is magenta.
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E 3 + £ 2 Fig. 7. Diagramme representing the expression patterns of Xwnt8,
E 2 ':’—‘ £ g é p BMP4 and their secreted antagonists in the marginal zone of
g 3 £ z .»E 2 2 Xenopugyastrulae, seen from the vegetal pole. For clarity, the
secreted components of the Xwnt8 and BMP4 pathways are shown
Si . as two non-overlapping concentric rings. In reality, BMP4 overlaps
1amois with Xwnt8, frzb overlaps with chordin and noggin while sizzled
overlaps with both Xwnt8 and BMP4.
EFlo

1 2 3 4 5 6 7 tissues to become muscle. In addition, there is no simple cor-
relation between the amounts of myoD RNA and muscle tissue:
Fig. 6.(A) Szl blocks siamois induction by Xwnt8 in animal cap XmyoD overexpression results only in very modest muscle
explants in a dose-dependent manner. RT-PCR analysis of siamois jncrease (Rupp et al., 1994) while myoD gene disruption does
expression in stage 10.5 animal pole explants (caps) and embryos. nhot reduce muscle formation (Rudnicki et al., 1993).
Lane 1: no reverse transcriptase; lane 2: whole uninjected embryo; The homeobox gensiamois (Lemaire et al., 1995) is

lane 3: uninjected caps; lane 4: caps injected with 250 pg Xwnt8 . . .
RNA; lane 5: caps injected with 250 pg Xwnt8 RNA + 250 pg szl induced by Xwnt8 in animal cap explants (Brannon and

RNA; lane 6: caps injected with 250 pg Xwnt8 + 2.5 ng szl RNA; Kimelman, 1996; Carnac et al., 1996; Fagotto et al., 1997) thus
lane 7: caps injected with 250 pg Xwnt8 and 2.5 ng antisense szl Offering a more quantitative assay for wnt signaling, in a simple
RNA. (B) Szl can block siamois induction in animal caps by Xwntg €Xplant system. We coinjected Xwnt8 RNA with increasing
but not by Bcatenin. Stage 10.5 animal pole explants were analyzedamounts of szI RNA, cut animal cap explants at stage 8 and
for siamois expression by RT-PCR. Lane 1: no reverse transcriptaseharvested them at stage 10.5 after culturing them in isolation,
lane 2: stage 10.5 embryos; lane 3: uninjected caps; lane 4: caps in a neutral medium. Fig. 6A shows by RT-PCR analysis that,
injected with 250 pg Xwnt8 RNA; lane 5: caps injected with 250 pg sz| was capable of inhibiting siamois expression seen in
Xwnt8 RNA + 2.5 ng sz| RNA; lane 6: caps injected with 25Bpg  response to Xwnt8 at high but not low levels of injected szl
catenllrll?lﬁl;l\A, lane 7: caps injected with 250fbgatenin RNA + 2.5 pNA (compare lanes 6 to 5 and 7). If szl inhibits Xwnt8 by
ng sz ' direct interaction, a component of the wnt pathway down-
stream of Xwnt8 such g%catenin should not be inhibited by
zone and is later turned off in the dorsal lip and ventrally, perszl. We tested this prediction in our animal cap assay, by coin-
sisting in the lateral marginal zone (Frank and Harland, 1991)ecting equal amounts of Xwnt8 afidcatenin RNA, respec-
ultimately limiting the extent of muscle formation. As seen intively with szI RNA and assaying siamois expression. As
double ISH for XmyoD and szl, the two expression domainshown in Fig. 6B, a dose of szl RNA that was capable of
initially overlap but they start segregating until they are cominhibiting siamois expression induced by Xwnt8 did not appre-
pletely separated around stage 13, with szl contained in tleably decrease the amount of siamois transcript induc@d by
ventral wedge from which XmyoD became excluded (Fig. 5A<catenin in animal cap explants.
C). This dynamic behavior of the two genes together with the
inhibition of XmyoD by szl suggest that szl could be involved
in limiting the ventral expansion of the XmyoD expressionDISCUSSION
domain. Although we found XmyoD to be inhibited by ectopi-
cally expressed szl, the amount of muscle actin staining on thi#e have used a small-pool cDNA expression cloning strategy
injected side was increased (Fig. 3A). This apparent discreftustig et al., 1996) to identify genes capable of producing
ancy could be due to the fact that, although an early patternisible developmental defects ¥enopusembryos. Although
ing event involving XmyoD is inhibited by szl, the later muscleaxis duplication is one obvious and dramatic phenotype, other
differentiation process is augmented in hyperdorsal szlsubtler perturbations can be reproducibly obtained. Using this
injected embryos by recruitment of more ventral mesodermaicreen we have cloned sizzled, a novel gene encoding a
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frizzled-like protein, based on its ability to generate embryo$zl and morphogenesis

with enlarged dorsoanterior structures (head and cemeBuperimposed on their dorsalized phenotype, szl-injected
gland). However, szl lacks any apparent membrane-spannik@nbryos display morphogenetic defects similar to those
sequence, while members of thizzled family are seven produced by Xwnt5A (Moon et al., 1993), a dominant-negative
membrane-spanning receptors. Szl contains an obvious Mwnt8 (Hoppler et al., 1996) or a dominant-negakemopus
terminal signal sequence. Combined with the subcellular localtishevelled construct (Sokol, 1996). Most prominently,
ization of tagged szl protein in the embryo and its presence Embryos are short and the axis is kinked. Examination of the
the media of cultured cells expressing it, this strongly arguesarly Xnot expression, which marks cells fated to become
that szl is a secreted protein. notochord and thus displaying the most pronounced convergent
. extension movements revealed a marked decrease in the
Szl can antagonize Xwnt8 _ anteroposterior dimension of the Xnot expressing territory.
Frizzled proteins are strong candidates for receptors of the withis hinted at the inhibition of convergent extension as a
family of secreted glycoproteins. The extracellular cysteinepossible explanation for the stunted phenotype. Beta catenin,
rich domain (CRD) of Dfz2 alone can bind wingless (wg) buthe vertebrate homologue Bfosophilaarmadillo and down-
does not transduce the wg signal (Bhanot et al., 1996) so s&lream of wnt and dishevelled in the wnt pathway, interacts
which shows homology to fz CRD was expected to inhibit wntyith the cytoplasmic domain of cadherins. Cadherins are
signaling by titrating the amount of wnt protein that can bindnvolved in calcium-mediated adhesion between cells. Wnt
to the receptor(s). Indeed, by 3 different assays we demosignaling, acting througi catenin can modulate cell-cell
strated an antagonism between szl and Xwnt8: (1) Xwnt8 DNAdhesion (Hinck et al., 1994; Moon et al., 1993b; Peifer et al.,
can rescue embryos dorsalized by szl and conversely — sg§93) and we speculate that inhibiting wnts could result in
rescues embryos ventralized by Xwnt8 DNA injections if thechanges in cellular adhesion which, in turn, could perturb
two genes are either expressed in the same blastomere omigrmal cellular intercalation and convergent extension.
adjacent ones; (2) szl inhibits the expression of XmyoD whicljyhereas we do not know if szl actually operates to dampen
is known to require Xwnt8 (Hoppler et al., 1996) and (3) szktonvergent extension movements Xenopusembryos, it
can block the induction of siamois by Xwnt8 but notfy  should be noted that expression of szl occurs in a region where
catenin in animal cap explants. The above suggest szl cgiiese movements are the least pronounced in the whole
inhibit Xwnt8, perhaps by direct binding to it, in a similar marginal zone. It will be of interest to explore the effect of szl
manner to Xwnt8 binding tenopudrzb (Leyns et al., 1997; and that of other inhibitors of the wnt pathway on cellular

Wang et al., 1997). Xwnt8 is not yet available in soluble formhehavior in dorsal marginal zone explants undergoing conver-
to test binding to szI. We have been unable to detect szl bindignt extension.

to Drosophilawg.
What is szl doing on the ventral side?

Szl is a potent dorsalizer In apparent contrast to the dorsalizing activity of szl, the gene
Szl was cloned based on its dorsalizing activity. Both RNAs mainly expressed in the ventral blastopore lip where it
and DNA injections of szl, as well as transgenic expressionccupies a sector that becomes narrower as the blastopore
in Xenopusembryos, led to the same dorsalized phenotype;loses and involutes. Additionally, szl responds to lithium and
suggesting that post-MBT expression of szl is sufficient folUV treatments in a manner consistent with its ventral
dorsalization. Wnts and in particular Xwnt8 ventralizeexpression. A similar situation is encountered in the case of the
embryos if expressed after MBT (Christian et al., 1991). WittAnti-Dorsalizing Morphogenetic Protein (ADMP, a T@F-
Xwnt8 being expressed zygotically in the ventrolateraffamily member; Moos et al., 1995), a molecule with ventraliz-
marginal zone (VLMZ), this implies Xwnt8 might normally be ing activity expressed in the organizer. These two examples
involved in inhibiting dorsal signals. Our findings that szl canof genes with expression patterns contrasting with their
inhibit Xwnt8 and dorsalize embryos post-MBT strengthensctopic activity point to the existence of both positive and
this idea of wnts playing a role in counteracting signals fronmegative regulators of dorsal and ventral development, respect-
the dorsal side of the early embryo. ively. To our knowledge, szl is more restricted ventrally than

Two classes of secreted proteins have been shown thus faraioy other transcript presently known, revealing a more detailed
be capable of ventralizinfenopusembryos: Bone Morpho- molecular pattern in the VLMZ. It will be of interest to
genetic Proteins (BMPs) and wnts. BMP4 can be inhibite@lucidate what upstream signals control the localized
through direct binding by noggin (Zimmerman et al., 1996) anéxpression of szl, perhaps by analyzing the promoter region of
chordin (Piccolo et al., 1996). Our studies of szl show thathe gene in transgenic frog embryos. Xwnt8 has been strongly
Xwnt8, belonging to the second class of ventralizing secreteichplicated in maintaining the expression of XmyoD in
factors can be inhibited by szl, presumably by direct bindingenopus embryos (Hoppler et al., 1996). Following the
paralleling the antagonism seen between BMP4 andxpression patterns of szI and XmyoD during and after gas-
noggin/chordin. The recent description of frzb, a gene distantlyulation showed that szl and XmyoD initially overlap in the
related to szl but expressed in the gastrula organizer (Leyns\éWMZ but XmyoD expression becomes gradually extinguished
al.,, 1997; Wang et al., 1997) argues that dorsalization by sil the territory expressing szl and in two narrow stripes of
might be mimicking a process normally controlled by frzb. Ittissue flanking this region. This dynamic expression pattern
also points to a caveat of misexpression experiments where taad our finding that szl can, by blocking Xwnt8, inhibit
observed phenotype is in conflict with the expression pattern &fmyoD expression, place szl as a candidate for restricting the
a gene. Szl is, however, the first known example of a ventrallgxpression of XmyoD to the lateral parts of the marginal zone
localized gene that can doralize embryos after the MBT. which are fated to become muscle, thus refining marginal zone
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pattern. A similar role is perhaps played by frzb in the dorsatho K. W., Blumberg B., Steinbeisser H. and De Robertis E. M1991).
marginal zone (Leyns et al., 1997; Wang et al., 1997). Taken Molecular nature of Spemann’s organizer: the role oKér@pusiomeobox
together, these two novel secreted proteins point to a region%-qe”egooseco'dce"67' 1111-1120.

izati f th inal b d th tivity | | of th hristian J. L., McMahon J. A., McMahon A. P. and Moon R. T.(1991).
Ization or thé marginal zone based on the activity level or the Xwnt-8, a XenopusWnt-1/int-1-related gene responsive to mesoderm-

wnt pathway so that wnts would be fully active laterally and inducing growth factors, may play a role in ventral mesodermal patterning
their activity inhibited dorsally and ventrally (see Fig. 7). This_ during embryogenesis. Developmetitl, 1045-1055. _
early regionalization prefigures later differentiation eventsfagotto F., Guger K. and Gumbiner B. M.(1997). Induction of the primary

; ; I ; dorsalizing center iXenopusdy the Wnt/GSK-catenin signaling pathway,
with muscle being limited to the dorsolateral domains, but not by VgL, Activin or NoggirDevelopmentL24, 453-460,

notochord to the extreme dorsal domain and blood and MEB8rank D. and Harland R. M. (1991). Transient expression of XMyoD in non-
enchyme to the extreme ventral sector. somitic mesoderm of XenopgastrulaeDevelopment113, 1387-1393.
Until recently, the predominant view on the VLMZ, basedGawantka V., Delius H., Hirschfeld K., Blumenstock C. and Niehrs C.
on early organizer extirpation and grafting experiments, was 5(1995;)-12%%’5”3‘96%%5759”13”” organizer: role of the homeobox gene
. . vent- s -

that of a gastrula region undergoing default ventral develops .0y R m. (1991). In situ hybridization: an improved whole-mount

ment in the absence of dorsalizing signals. That ventral devel-method for Xenopusmbryos. Methods in Cell BioB6, 685-695.

opment is an active process was suggested by functionaéasman J., Crawford A., Goldstone K., Garner-Hamrick P., Gumbiner B.

studies on BMP4 and Xwnt8, both broadly expressed in the McCreaP., Kintner C., Noro C. Y. and Wylie C.(1994). Overexpression of

VLMZ. More recently, two ventralizing homeobox genes cadherins and underexpression [@fcatenin inhibit dorsal mesoderm
. ! induction in early Xenopwambryos. Cell79, 791-803.

eXpressed '_n the VLMZXventl(Gawantka et al., 1995) and Hinck L., Nelson W. J. and Papkoff J.(1994). Wnt-1 modulates cell-cell

Vox1(Schmidt et al., 1996) were proposed to act downstream aghesion in mammalian cells by stabilizing:gtenin binding to the cell

of BMP4. Little is known about how the two ventralizing adhesion protein cadherihCell Biol.. 124, 729-741.

pathways initiated by BMP4 and Xwnt8 interact in the VLMZ Hoppler S., Brown J. D. and Moon R. T(1996). Expression of a dominant-

of Xenopusembryos Overexpressing BMP4 can. in fact negative wnt blocks induction of myoDXenopugmbryosGenes Dev10,
) ! ' 2805-2817.

'_nhlblt Xwnt8 eX_pI’ESSIOr_] (S(_:hmldt e_t _al" _1995' and our _Unp_UbKao K. R. and Elinson R. P(1988). The entire mesodermal mantle behaves as
lished observations by in situ hybridization). The localization spemann’s organizer in dorsoanterior enhancKénopus laevis
and activities of szl unveil a more complex picture of ventral embryos,.Dev. Biol.. 127, 64-77.

patterning. Szl could define a region where Xwnt8 signaling jKimelman D., Christian J. L. and Moon R. T.(1992). Synergistic principles

HEIEE : of development: overlapping patterning systemsXanopusmesoderm
inhibited but the BMP4 pathway would be functional whereas induction.Developmentl 16, 1-0.

laterally to the szl-expressing zone both pathways woul@rasnow R. E., Wong L. L. and Adler P. N.(1995). Dishevelledis a
operate. BMP4 could thus act either alone or in conjunction component of the frizzled signaling pathwayDrosophila. Development
with Xwnt8 to pattern the VLMZ. Additional levels of refine- 121, 4095-102.

ment of this pattern could be provided by the localization an§ffi€d P- A. and Melton D. A. (1984). Functional messenger RNAs are
. S - . . produced by SP6 in vitro transcription of cloned cDNAscl. Acid. Resl2,
diffusibility of szl protein (both unknown at this point). We 5,57 7570

speculate _tha_t th? increasingly complex.p.attern in the VLMZol| K. L. and Amaya E. (1996). Transgeni¥enopusmbryos from sperm
might be indicative of a ventral organizing center (VOC), nuclear transplantations reveal FGF signaling requirements during
located 180 degrees from the organizer. The marginal zonegastrulationDevelopment22, 3173-3183. _ _

could in principle be viewed as consisting, in part, of a mosaibemalre P., Garrett N. and Gurdon J. B. (1995). Expression cloning of

L . - . Siamois a Xenopushomeobox gene expressed in dorsal-vegetal cells of
of territories (Fig. 7) characterized by different levels of blastulae and able to induce a complete secondary axi81C8b-94.

activity Qf the wnt and BMP pathway_s, generated by diff_el'enleyns L., Bouwmeester T., Kim S. H., Piccolo S. and De Robertis E. M.
local ratios of BMP4, Xwnt8 and their secreted antagonists. (1997).Frzb-1is a secreted antagonist of wnt signaling expressed in the
Spemann organizeCell 88, 747-756.
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confocal microscopy, helpful discussions and suggesting the current®oNiNg oOf axenopusi-reated gene (Xomol) mvolved N mesoderma
: f . patterning and blastopore lip formati@evelopmeni22, 4001-4012.
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