Developmental Biology 213, 101-115 (1999) ®
Avrticle ID dbio.1999.9320, available online at http://www.idealibrary.com on I n E %I.

Inhibition of Neural Crest Migration
In Xenopus Using Antisense Slug RNA
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Based primarily on studies in the chick, it has been assumed that the zinc finger transcription factor Slug is required for neural
crest migration. In the mouse, however, Slug is not expressed in the premigratory neural crest, which forms normally in Slug
—/— animals. To study the role of Slug in Xenopus laevis, we used the injection of XSlug antisense RNA and tissue
transplantation. Injection of Slug antisense RNA did not suppress the early expression of the related gene XSnail, but led to
reduced expression of both XSlug and XSnail in later stage embryos, whereas the expression of another neural crest marker,
XTwist, was not affected. Down-regulation of XSlug and XSnail was associated with the inhibition of neural crest cell migration
and the reduction or loss of many neural crest derivatives. In particular, the formation of rostral cartilages was often highly
aberrant, whereas the posterior cartilages were less frequently affected. The effects of Slug antisense RNA on neural crest
migration and cartilage formation were rescued by the injection of either XSlug or XSnail mMRNA. These studies indicate that
XSlug is required for neural crest migration, that XSlug and XSnail may be functionally redundant, and that both genes are

required to maintain each other’s expression in the neural crest development of xenopus laevis.
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INTRODUCTION

The neural crest is a distinct population of embryonic
cells found only in vertebrates (Gans and Northcutt, 1983;
Hall and Horstadius, 1988). These ectodermally derived
cells form two regional populations that emerge from the
dorsolateral region of the neural tube (see Sadaghiani and
Thiebaud 1987; Hall and Horstadius, 1988; Le Douarin et
al., 1994; Bronner-Fraser, 1995a). Cranial neural crest cells
emigrate in three discrete streams—mandibular, hyoid, and
branchial (shown schematically in Fig. 1)}—contributing to
the skull as well as the cranial ganglia and musculature (see
Noden, 1983; Le Douarin et al., 1993). Trunk neural crest
cells emigrate and form sensory and autonomic neurons,
melanocytes, enteric neurons of the gut, and endocrine cells
of the adrenal gland (see Anderson, 1997; Groves and
Bronner-Fraser, 1999). Given that neural crest derivatives
contribute to many of the structures of the vertebrate head,
modifications in the regulation of crest cells are likely to
have played a prominent role in the generation of morpho-
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logical diversity during vertebrate evolution (Bronner-
Fraser, 1995b; Gans and Northcutt, 1983; Graveson, 1993;
Mayor et al., 1999).

The formation of the neural crest is regulated by a variety
of signaling molecules including Wnts (Saint-Jeannet et al.,
1997; Chang and Hemmati-Brivanlou, 1998; Dorsky et al.,
1998; LaBonne and Bronner-Fraser, 1998), FGFs (Mayor et
al., 1997; Murphy et al., 1994), noggin (Marchant et al.,
1998; Mayor et al., 1997), and BMP-4 (Marchant et al.,
1998). Subsequently, neural crest migration and differentia-
tion involves concerted changes in cell adhesion (Nakagawa
and Takeichi, 1995, 1998; Duband et al., 1995), matrix
adhesion (Krotoski and Bronner-Fraser, 1990), cytoskeletal
organization/composition (see Erickson et al., 1987; Haen-
del et al., 1996; Liu and Jessell 1998), and gene expression
(see Anderson, 1997; Erickson and Reedy, 1998). The devel-
opment of the neural crest exemplifies the generalized
process by which embryonic cells differentiate from their
original epithelial state to form mesenchyme. Such epithe-
lial to mesenchymal transitions (EMTSs) are critical to
normal morphogenesis.

In vertebrates, epithelia are characterized by the expres-
sion of distinctive cytoskeletal elements (e.g., keratin-type
intermediate filaments) and distinctive adhesion junctions
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(e.g., desmosomes and tight junctions). The EMT process
consists of the coordinated remodeling of these elements. In
both the chick (Nieto et al., 1994) and Xenopus laevis
(Mayor et al., 1995), premigratory neural crest cells express
the protein Slug (see Sefton et al., 1998; Mayor et al., 1999),
which appears to be necessary and sufficient for inducing
the disassembly of desmosomes during FGF-induced EMT
in rat NBT-II bladder carcinoma cells (Savagner et al., 1997).

Vertebrate Slug is related to the Drosophila gene Snail,
which is involved in mesoderm formation (see Alberga et
al., 1991; Leptin, 1991). Drosophila Snail encodes a Zn-
finger transcription factor that represses the expression of
neuroectodermal genes in the mesoderm (Leptin, 1991) and
is required for the invagination of mesodermal cells during
gastrulation (Ip et al., 1994). Drosophila contains a second
Snail-like gene, named Escargot (Whiteley et al., 1992), that
has been implicated in the maintenance of diploidy in
imaginal cells (see Fuse et al., 1994). In tracheal cells,
Escargot is required for normal expression of the cell
adhesion molecule DE-cadherin (Tanaka et al., 1996) and
the control of cell fusion (see Samakovlis et al., 1996). A
third, more distantly related Snail-like gene, Scratch, ap-
pears to be involved in the regulation of neuronal develop-
ment (Roark et al., 1995). Both Snail and Escargot proteins
have similar DNA binding specificity and have been pro-
posed to act as repressors through interactions with the
corepressor C-terminal binding protein (Nibu et al., 1998).
Whether their positive effects on target genes are direct or
indirect remains to be determined. Interestingly, during
Drosophila wing development it appears that Snail and
Escargot act to maintain each other’s expression through a
process of auto- and cross-activation (see Fuse et al., 1996).

To date only a single Snail-like gene, and no Slug-like
gene, has been discovered in urochordate ascidians (Corbo
et al., 1997) and the cephalochordate amphioxus (Langeland
et al., 1998), suggesting that the vertebrate progenitor
contained only a single Snail-like gene. In amphioxus, Snail
is expressed in the paraxial mesoderm (Langeland et al.,
1998). In the zebrafish, two Snail-like genes (Snail-1 and
Snail-2) have been described (Hammerschmidt and Nus-
slein, 1993; Thisse et al., 1993, 1995); neither contains the
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29-amino-acid sequence motif characteristic of other verte-
brate Slugs (see Sefton et al., 1998). Zebrafish Snail-1
(ZSnail-1) is distributed widely up to the blastula stage and,
as in Drosophila, is associated with mesoderm formation.
During gastrulation ZSnail-1 becomes restricted to the
involuting cells of the germ ring and is absent from cells of
the dorsal midline. Later in development, ZSnail-1 is found
in the paraxial mesoderm, neural crest cells, and meso-
derm-derived portions of the head (Thisse et al., 1993;
Hammerschmidt and Nusslein-Volhard, 1993). The ze-
brafish Snail-2 gene is expressed during gastrulation in ce-
phalic mesendodermal cells and is later restricted to the
neural crest (Thisse et al., 1995).

In X. laevis, and other “higher” vertebrates, there are
distinct Snail- as well as Slug-like genes. Previous studies
have found that the expression of XSnail begins at stage 9,
prior to gastrulation, in the dorsal marginal zone and
progresses laterally to the ventral side of the embryo by
stage 10 (Sargent and Bennett, 1990; Essex et al., 1993).
XSnail expression is subsequently found in the lateral plate
mesoderm up through tailbud stage and in ectoderm, premi-
gratory neural crest, and their derivatives, such as the
branchial cartilages (Mayor et al., 1993). In contrast XSlug is
initially expressed only in prospective neural crest and is
not found in early developing mesoderm (Mayor et al.,
1995). In the chick CSlug, but not CSnail, is expressed in
the primitive streak, ingressing mesodermal cells, and
premigratory neural crest (Sefton et al., 1997). CSnail is
expressed preferentially in the right side lateral mesoderm,
where it appears to play an important role in the develop-
ment of asymmetry (Isaac et al., 1997). In the mouse,
MSnail is expressed in the premigratory neural crest,
whereas MSlug is not (Sefton et al., 1998; Jiang et al., 1998).
Thus, all three of these organisms (i.e., X. laevis, chick, and
mouse) display distinct and different patterns of expression
of Snail/Slug genes during early development.

The effects of depleting or removing endogenous Slug
have been studied directly in chick and mouse. Treatment
of chick embryos with antisense oligonucleotides directed
against Slug mMRNA leads to the inhibition of Slug expres-
sion and neural crest migration (Nieto et al., 1994). In

FIG. 1. Schematic representation of cranial neural crest migration in Xenopus. A stage 28 X. laevis embryo seen in lateral view (A). The
most rostral stream of neural crest (1) gives rise to the rostral cartilages (green) such as Meckel’s cartilage (M). The hyoid stream (2)
contributes to the ceratohyal cartilage (CH, in red), and the branchial stream (3) contributes to the ceratobranchial or gill cartilages (CB, in
yellow). A dorsal view of ventral cartilages at stage 48 (B) depicts the lower jaw, the hyobranchial skeleton, and the cartilaginous otic
capsules (OC). The basihyal (Bh) and otic capsules have no contribution from the neural crest. Adapted, by permission of the publisher, from
Sadaghiani and Thiebaud (1987).

FIG. 2. Effects of XSlug antisense RNA on the expression of XSlug. Embryos injected with GFP RNA at the one- or two-cell stage often
express fluorescence on only one side (A—bright field; B—epifluorescence). Both A and B are pigmented embryos. All embryos displayed
expressed green fluorescence on only the left side as exemplified in A and B. The inset in B displays a number of such “left-side-only” albino
embryos. (C) XSlug RNA expression in a normal (GFP-injected-only control) stage 18 albino embryo, visualized by in situ hybridization. (B,
D, and E) XSlug antisense and GFP RNA-injected stage 18 embryos display reduced expression of XSlug RNA on the same side as the green
fluorescence. (F) Dramatic loss of XSlug expression is shown in a pigmented embryo, which shows a view of the developing trunk region
that has almost a complete loss of endogenous XSlug expression on the side that had previously expressed the GFP protein. A-E are stage
18/19, F is at stage 20+; all embryos are in dorsal view with anterior at the top.
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contrast, mice homozygous for a null mutation in Slug are
viable and display no obvious defects in neural crest forma-
tion, migration, or development (Jiang et al., 1998). It has
been suggested that mouse may use the closely related gene
Snail in place of Slug (Sefton et al., 1998), although this
hypothesis has not yet been tested directly.

To determine if Slug function is critical for neural crest
differentiation/migration in X. laevis we have used the
injection of antisense RNA targeted to the 3 UTR of the
XSlug mRNA to down-regulate XSlug expression. XSlug
antisense RNA injection caused reduced expression of both
XSlug and XSnail in post-gastrula-stage embryos, inhibited
neural crest cell migration, and led to a reduction or loss of
neural crest derivatives such as pigment cells and cranial
cartilages. Rostral cartilages appeared more sensitive to
XSlug antisense RNA and were often missing altogether,
whereas posterior cartilages were affected less frequently.
The effects of XSlug antisense RNA were rescued by co-
injection of either XSlug or XSnail mRNAs. This study
indicates that XSlug is required for neural crest migration,
that XSlug and XSnail may be functionally redundant, and
that both genes are required to maintain each other’s
expression in neural crest development.

MATERIALS AND METHODS

Embryo generation and tissue transplantation. Eggs were ob-
tained from hormone-stimulated female X. laevis and fertilized in
vitro following established lab procedures. Fertilized eggs were
dejellied using 2% cysteine (pH 8.0) and reared at room tempera-
ture in 10% Holtfreter’s solution. Larvae were staged according to
the normal table of Nieuwkoop and Faber (1967). In X. laevis,
cranial neural crest migration begins in the late neurula (stage 19).
Tissue grafts were performed before migration, at stages 16 to early
19 (see Sadaghiani and Thiebaud, 1987). Embryos were placed in
petri dishes lined with 2% agar and covered with 10% Holtfreter’s
antibiotic (gentamycin, 80 mg/L). Small segments of the cranial
neural folds from host embryos were removed and replaced by
comparable segments from green fluorescent protein (GFP)-labeled
donors (Zernicka-Goetz et al., 1996; Carl et al., 1999). Care was
taken to remove the overlaying ectoderm. Grafts were held in place
initially with modeling clay and the embryos maintained at 16°C
in Holtfreter’s antibiotic. Specimens were viewed with a Power
Macintosh 6500/275 and Microimage i308 video system linked to
a stereo dissecting microscope equipped with epifluorescence op-
tics.

In situ hybridization and section analysis. XSlug and XSnail
cDNA-containing plasmids were generously supplied by Michael
Sargent (NIMR, Mill Hill, UK). XTwist (Hopwood et al., 1989)
cDNA was generously supplied by John Gurdon (Wellcome/
Cambridge). In situ hybridization was performed using
digoxigenin-UTP-labeled antisense RNA according to standard
methods (Hemmati-Brivanlou et al., 1990) with minor modifica-
tions (see http://spot.colorado.edu/~klym/methods.html). The
probes used for this analysis were directed against the entire coding
region for XTwist or against the 3" UTRs of XSlug and XSnail to
ensure specificity. Typically, in situ analysis was done on albino
Xenopus; when pigmented animals were used they were bleached
overnight using Dent’s bleach (Klymkowsky and Hanken, 1991).
Paraffin sections were prepared as described in Humason (1979),
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with slight modification (see http://spot.colorado.edu/~klym/
methods.html). Cartilage staining employed standard procedures
(Klymkowsky and Hanken, 1991; Carl and Klymkowsky, 1999).
Anatomical terminology follows Trueb and Hanken (1992).

Plasmid construction, RNA synthesis, and embryo injection.
Polymerase chain reaction (PCR) was used to isolate the full coding
region of XSlug and incorporate unique EcoRI and Nhel sites at the
5" and 3’ ends of the amplified DNA (primers used were 5'CCC-
GAATTCTatgccacgatcttttctgg and 3'CCCGCTAGCctaatgtgctaca-
cagcaac). The amplified DNA was then subcloned into the pCS2-
MGFP (Klymkowsky, 1999) or pCS2mt (Rupp et al., 1994) plasmid
to create pCS2-mGFP-XSlug and pCS2mt-XSlug, respectively. The
pCS2mt-GFP plasmid (Rubenstein et al., 1997) was used to make
mtGFP RNA. XSnail RNA was transcribed from the pMX51*
cDNA*XSna*SP72 plasmid. To generate capped mRNA, we used a
SP6 mMessage mMachine kit (Ambion). The pCS2 plasmids were
linearized with Sacll. To generate XSlug antisense RNA, the
pMX363*XSlug*sp72 plasmid, which contains only the 3" UTR of
the XSlug cDNA, was linearized with EcoRV and transcribed using
an Ambion MegaScript kit. An NIH BLAST Search using the
sequence of the XSlug 3" UTR failed to identify any regions of
sequence similarity with the XSnail UTR or any other X. laevis
cDNAs (data not shown).

RNA (total volume 20 nl) was injected into either the animal
pole region of fertilized eggs or one of two blastomeres at the
two-cell stage, following standard procedures (see Rubenstein et
al., 1997). Embryos were reared under standard laboratory condi-
tions. Uninjected embryos and embryos injected with GFP RNA (5
ng) alone were used as controls for the injection procedure. In a
typical XSlug antisense RNA experiment 2.6 ng of the antisense
RNA was co-injected with the GFP RNA. In “rescue” experiments
fertilized eggs were injected with 2.6 ng of XSlug antisense RNA,
together with 5 ng GFP RNA and various concentrations of XSlug
or XSnail RNAs. A standard x* test was used to calculate the P
values for these experiments.

RT-PCR analysis. RNA was extracted from groups of five
embryos. Three hundred nanograms of total RNA from stage 6, 9,
and 13 embryos was reverse transcribed with MuLV reverse tran-
scriptase primed with random hexamers (Perkin-Elmer GeneAmp
PCR). cDNA was subject to 40 cycles of PCR at an annealing/
extension temperature of 57°C using upstream (5'-CAATGCA-
AGAACTGTTCC-3') and downstream (5'-TCTAGGCAAGAAT-
TGCTC-3') primers to amplify a 367-bp fragment of XSlug or
upstream (5’-AAGCACAATGGACTCCTT-3') and downstream
(5'-CCAATAGTGATACACACC-3') primers to amplify a 294-bp
region of XSnail (LaBonne and Bronner-Fraser, 1998)

RESULTS

To determine if Slug expression is required for neural
crest migration in the frog X. laevis, we tested the effective-
ness of XSlug antisense RNA in down-regulating endoge-
nous XSlug expression. One- and two-cell embryos were
injected with uncapped XSlug antisense RNA, together
with capped RNA encoding a six-myc-tagged Sgs— T mu-
tated form of the GFP as a cell lineage marker. Neurula
(stage 15) embryos were sorted based on the pattern of green
fluorescence. Embryos displaying fluorescence (Figs. 2A and
2B) were fixed at stage 18-22 and examined by in situ
hybridization. Of these specimens, one-third displayed re-
duced levels of both XSlug (Figs. 2D-2F) and XSnail (Figs.
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FIG. 3. XSlug antisense RNA effect on the expression of XSnail.
(A) RT-PCR analysis indicates that XSlug is present in pre-MBT
stage embryos. “+” indicates the presence of reverse transcriptase
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3B-3I) expression. Reduction of XSlug/XSnail expression
ranged from moderate, with scattered patches of normal
expression (Figs. 2D and 2E) to the complete loss of expres-
sion (Figs. 2F and 3G). A greater number of embryos
exhibiting reduced levels of either gene were found when
embryos were sorted for high intensity of fluorescence on
either their right or their left side. Expression of another
crest marker, XTwist (Hopwood et al., 1989; Stoetzel et al.,
1998), was normal in midneurula embryos (Fig. 4).

As assessed by RNase protection and in situ hybridiza-
tion, expression of XSlug first appears in premigratory crest
(Mayor et al., 1995). We therefore expected that injection of
XSlug antisense RNA would have no effect on the early
expression of XSnail (stage 10+) in involuting mesoderm
cells. In situ hybridization of XSlug antisense RNA-injected
embryos did not reduce XSnail expression at stage 10-12,
but rather caused an apparent increase in its expression
domain (Figs. 3B-3E) in approximately one-third of the
specimens. Using RT-PCR we found that XSlug RNA was
detectable in unfertilized eggs (data not shown) and in
blastula-stage embryos (Fig. 3A) and is therefore a maternal
transcript.

Inhibition of neural crest migration by XSlug antisense
RNA. To determine whether down-regulation of XSlug
and XSnail expression by XSlug antisense RNA disrupted
neural crest migration we transplanted premigratory cranial
neural crest from donor embryos injected with XSlug anti-
sense and GFP RNAs, or GFP RNA alone as a control, into
uninjected hosts. Donor embryos were selected at stage 15
(early neurula) based on the intensity of fluorescence in the
developing cranial region. The neural fold, containing
premigratory neural crest (stage 17—-early 19, 19-20 h post-
fertilization), was removed from the host and replaced by
fluorescent donor tissue. The green-fluorescent trans-
planted tissue could be followed in living embryos well past
premetamorphic stage 50 (day 15 postfertilization).

By stage 24 (late neurula/~26 h postfertilization) it was
readily apparent whether the tissue graft was success-

in the RT-PCR reaction, “—"" indicates no reverse transcriptase
controls. At stage 10/10+, a ring of involuting mesodermal cells
express XSnail (B). Embryos were injected with XSlug antisense
RNA at the two-cell stage. In stage 10-12 embryos that have been
injected with XSlug antisense RNA (C), the expression of XSnail is
not reduced, but often enhanced (arrows) on the side on which
fluorescence had been observed earlier (D). A cross section of a
stage 10+ embryo reveals that the GFP marker is found in both the
ectoderm and the mesoderm (arrowhead) in the region of enhanced
XSnail expression (E). At stage 20, XSnail is expressed on both sides
of the embryo, but absent from the neuroectoderm (F). Injection of
XSlug antisense RNA leads to a reduction of XSnail RNA on the
injected side (G), and in situ hybridization reveals a reduction of
XSnail RNA throughout ectodermal and mesodermal tissues in a
cross section of the caudal region of a treated pigmented embryo at
stage 18 (H, bright field; I, epifluorescence). Arrow in H points to
ectodermal pigment. All whole mounts are shown in dorsal views
with anterior at the top.
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FIG. 4. XTwist expression. Embryos were injected with XSlug antisense and GFP RNAs, selected for fluorescence on the left side (as in
Fig. 2), and analyzed for XTwist expression using in situ hybridization at stage 16-18. No change was observed between uninjected control
embryos (data not shown) and embryos injected with XSlug antisense and GFP RNA (A—dorsal view with anterior “a” to the top and
posterior “p” at the bottom. B—anterior view with anterior “a,” posterior “p,” dorsal “d,” and ventral “v” axes marked). (C) A section of
such an embryo stained for the myc-epitope present on the GFP protein. It shows that the GFP marker is present in dorsal mesodermal
(arrowhead) and ectoderm.

ful and if donor neural crest cells had begun migration.
Sixty-two percent of the GFP control embryos showed
normal migration of the cranial neural crest streams
(Figs. 5A and 5B). In contrast, when XSlug antisense
RNA was co-injected with GFP RNA, only 15% of the
transplanted neural crest streams migrated normally
(Figs. 5C and 5D). To determine the specificity of the
XSlug antisense RNA-induced migration defect, embryos
were injected with XSlug antisense RNA, GFP RNA, and
RNA encoding either myc- or mycGFP-tagged forms of
XSlug or an untagged form of XSnail RNA. Both forms of
XSlug which do not contain the XSlug 3" UTR were made
in the pCS2mt plasmid. Both XSlug and XSnail sense
RNAs efficiently rescued the XSlug antisense RNA mi-
gration defect (Fig. 5E). Reduction of the amount of co-
injected XSlug RNA reduced the frequency and extent of
rescue.

As a second assay for migration, we examined the
neural crest marker XTwist in late-stage specimens that
had been injected with antisense XSlug RNA. Embryos
that expressed the GFP marker on only the left side
(Fig. 6A) were used for this experiment. In situ hybrid-
ization was performed on each specimen at stages 24-28,
which were then sectioned and stained for GFP. The
expression of XTwist was affected on the side of the
embryo containing the GFP marker in most of the spec-
imens observed. The affects ranged from moderate
(Figs. 6, 1L, and 6, 2L) to severe (Fig. 6, 3L). On the side
that did not express the GFP marker highly, there was
little or no reduction in XTwist expression (Figs. 6, 1R-6,
3R). The most severe loss of migration, revealed by
XTwist expression, was often noticed in specimens in
which the GFP was found in both the ectoderm and the
mesoderm (Fig. 6, 3s).

FIG.5. XSlug antisense RNA hinders neural crest migration, assessed by transplantation. When cranial crest is transplanted from the GFP
RNA-injected donor into an uninjected host, migration occurs normally in most embryos (A—bright field of transplanted embryo and
B—epifluorescence view). In contrast, crest migration is often blocked when the donor tissue is taken from embryos injected with XSlug
antisense/GFP RNAs (C, D). “e” marks the eye for A and B. To determine the specificity of the XSlug antisense RNA effect, we examined
whether coexpression of epitope-tagged forms of XSlug rescued the neural crest migration defect induced by XSlug antisense RNA (E). As
a control, donor specimens injected with 5 ng GFP RNA alone were transplanted into hosts. Sixty-two percent of the embryos had normal
migration pattern, assessed by observing streams of neural crest labeled by GFP fluorescence. Injection of XSlug antisense RNA (“slug
ASR”) together with GFP RNA dramatically reduced the number of transplants displaying normal migration, P = 0.0002. Co-injection of
RNAs encoding either mycGFP-XSlug (mGXSlug) or myc-tagged XSlug (mtXSlug) led to a rescue of this migration defect. Similarly,
injection of XSnail RNA also rescued the XSlug antisense RNA effect. The concentrations of RNAs injected are shown along the bottom
of the graph; the numbers of normally migrating transplants and the total number of transplanted embryos examined for each condition
are depicted above the corresponding bar. The P values are P = 0.0002 for GFP/antisense RNA, P = 0.016 for GFP/antisense RNA + 0.35
ng mGXslug, P = 0.55 for GFP/antisense RNA + 1.0 ng mGXslug, P = 0.55 for GFP/antisense RNA + 2.1 ng mGXslug, P = 0.2 for
GFP/antisense RNA + 1.5 ng mGXslug, P = 0.35 for GFP/antisense RNA + 1.6 ng XSnail.
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FIG. 6. XSlug antisense RNA hinders neural crest migration assessed by XTwist in situ hybridization. Specimens were injected with
XSlug antisense and GFP RNAs at the one-cell stage, allowed to develop until neural crest migration was well under way (stage 24+),
and then selected based on their expression of the GFP marker on the left side only (A, arrows; “e” marks the eye and “cg” the cement
gland). Specimens were analyzed for crest migration defects by in situ hybridization of XTwist. Specimen 1 displayed GFP primarily
in the dorsal mesoderm on the left-hand side (1s—*“nt” marks the neural tube in 1s-3s) and in a patch of ventral ectoderm (arrow).
Migration of the crest was normal on the right side (1R, arrowhead) and moderately hindered on the left (1L). Specimen 2 displayed
a moderate loss of migration on the left side (2L); GFP was localized to both mesoderm (upper arrow) and ectoderm (lower arrow) on
the left side (2s). Specimen 3 displayed an almost complete loss of crest migration in both the posterior streams of crest (3L) and a
moderate loss of migration on the right side of the embryo (3R); GFP was found in both the mesoderm and the ectoderm on the left
side and in the ectoderm on the right side (arrow) of the embryo.
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TABLE 1

Cranial Cartilage Defects of Stage 47/48 Larvae Injected
with XSlug Antisense and GFP RNAs

Cartilage morphology Type | Type Il
Normal 14 11
Moderate 22 11
Severe 6 4
Total 42 26

Note. Type | embryos display the GFP marker on both left and
right sides, whereas Type Il embryos display the GFP on only the
right or the left side. Specimens with moderate defects include
those that have reduced or missing rostral cranial cartilages, and
severe specimens have all cranial cartilages affected or missing.

Cranial cartilage development is affected in an antero-
posterior gradient. To study the affect of XSlug antisense
RNA on cranial cartilage development, injected embryos
were separated into two group types at stage 15. Type |
embryos expressed green fluorescence on both left and right
sides. Type Il embryos expressed green fluorescence that
was limited to either their left or their right sides. The
number of injected specimens that survived until stage
48-50 was relatively low (N = 68) (Table 1).

The larval skull at stage 47/48 is exclusively cartilagi-
nous; cranial bone is not visible in cleared and stained
whole mounts until stage 54. Posteriorly, a pair of para-
chordal cartilages lie on either side of, and unite for a short
distance rostral to, the notochord. A cartilaginous auditory
(otic) capsule is dorsal and lateral to each parachordal.
Anterior parachordal cartilages extend rostrally into the
paired cranial trabecula; together, these two pairs of carti-
lages enclose the prominent basicranial fenestra medial to
the eyes. Extending laterally from the union of the anterior
parachordal and cranial trabecula is the ventrolateral pro-
cess of the posterior palatoquadrate. Anterior to the basi-
cranial fenestra is a broad, medial sheet of cartilage, the
ethmoidal or trabecular plate, which is fused to anterior
palatoquadrate cartilages on either side. Each anterior pala-
toquadrate bears a posteriorly directed subocular bar, which
encloses the subocular fenestra. The suprarostral plate
extends rostrally from the trabecular plate to form the
skeleton of the upper jaw. Lateral wings, or alae, of the
suprarostral plate thin distally and begin to unite with a
rostral process of the anterior palatoquadrate to form the
long tentacular cartilage, which is distinctive of pipid larvae
(Trueb and Hanken, 1992). Ventral to the suprarostral plate
is the lower jaw, which comprises paired, Meckel’s carti-
lages on either side of a single, median infrarostral cartilage
(Figs. 7A-7C). Posterior to the lower jaw and suspended
beneath the skull proper is the prominent hyobranchial
skeleton. It comprises paired ceratohyal cartilages, repre-
senting the second (hyoid) visceral arch—a small, median
copula (basibranchial cartilage), which partly overlaps the
ceratohyals posteriorly, and a series of four ceratobranchial
cartilages (arches 3-6). Ceratobranchial cartilages on either
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side are united medially, by a broad hypobranchial plate, as
well as laterally. Together with the copula they form a
single branchial, or gill, basket on each side of the head.

At stage 47/48 (5.5-7.5 days postfertilization), cranial
morphology in control embryos (injected with GFP RNA
only) was virtually identical to that in uninjected embryos,
except for a slight increase in the asymmetry of paired
cartilages, especially posteriorly (Figs. 7A and 7B). XSlug
antisense RNA injection, however, significantly altered
skeletal patterning. The magnitude of effects varied widely
among the cleared and stained Type | embryos, which
defined a continuum from little or no change (i.e., normal
morphology), to moderate defects, to extreme defects (Table
1). The severity of defects displayed a pronounced cranio-
caudal gradient: moderate defects were confined to rostral
cartilages (Figs. 7D-7F), whereas defects involving posterior
cartilages were found only in specimens with the most
severe cranial dysmorphology (Fig. 7G-71). Type Il embryos
displayed the same craniocaudal gradient, but lacked neural
crest-derived cartilage on the injected side only (Table 1,
Figs. 7J-7L). Morphology of the non-neural-crest-derived
basihyal and otic capsular cartilages was not affected, even
in the most severe cases, indicating that the affects of XSlug
antisense RNA on cranial development are restricted to
neural crest-derived cartilages.

XSlug antisense RNA injection causes reduced melano-
cyte formation. To assess the effects of XSlug antisense
RNA on cells derived from trunk neural crest, we examined
melanophore number and distribution in larvae between
stages 28 and 48. The number and distribution of melano-
cytes observed in uninjected larvae were not discernibly
altered in embryos injected with GFP RNA only (Figs. 8A,
8C, and 8D). Injection of XSlug anti-sense RNA, however,
altered the distribution and apparent size of melanocytes
(FIG. 8B, E and F). In the mildest cases there was only a
slight decrease in the numbers of melanocytes (data not
shown). Specimens that displayed severe effects had notice-
ably fewer melanocytes that appeared reduced in size (Fig.
8B). In some specimens the effect appeared mosaic, with the
complete loss of melanocytes in patches surrounded by
areas displaying normal numbers of melanocytes (Figs. 8E
and 8F).

DISCUSSION

Antisense RNA has a long history as an effective method
to down-regulate gene expression in X. laevis (see Harland
and Weintraub, 1985; Melton, 1985; Lallier et al., 1996; Kil
et al.,, 1996; Lombardo and Slack, 1997 as examples), al-
though the exact mechanism of its action remains poorly
understood (see Nellen and Sczakiel, 1996). In our studies,
we used an antisense RNA directed against the 3" UTR of
the XSlug cDNA isolated by Mayor et al. (1995) to down-
regulate the expression of the endogenous XSlug (Fig. 2).
Surprisingly, we also observed a down-regulation of the
related gene XSnail (Fig. 3). The specificity of XSlug anti-
sense RNA was demonstrated by the ability of RNAs
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containing the XSlug coding region to rescue the negative
antisense effect in a dose-dependent manner (Fig. 5E) and
the fact that the expression of other neural crest markers,
such as XTwist (Fig. 4), was not affected prior to crest
migration.

Antisense XSlug RNA caused a decrease in neural crest
migration. To determine whether XSlug antisense RNA
disrupted neural crest migration, we transplanted premigra-
tory cranial neural crest from donor embryos injected with
XSlug antisense and GFP RNAs into uninjected hosts (Fig.
5). Fifteen percent of the antisense-treated transplants dis-
played normal migration, significantly different from that
found in GFP-only transplants. In addition, either XSlug or
XSnail sense RNA, but not the unrelated GFP RNA, res-
cued the negative migration phenotype (Fig. 5E). Since the
injected XSlug mRNAs did not contain sequences comple-
mentary to XSlug antisense RNA, their ability to rescue
presumably reflects the ability of exogenous XSlug protein
to rescue defects arising from the reduction or absence of
endogenous XSlug protein. It is interesting to note that
transplants containing XSlug RNA displayed normal migra-
tion at a slightly increased frequency than did the GFP
RNA-injected controls, suggesting that Slug overexpression
may in fact stimulate neural crest migration. LaBonne and
Bronner-Fraser (1998) found that overexpression of XSlug
caused an increase in the numbers of melanocytes, a phe-
notype which can be explained by an increase in the
number of migrating crest cells.

The effect of XSlug antisense RNA on neural crest
migration could also be seen in the loss of XTwist expres-
sion at stages at which neural crest migration was well
under way (stage 24+); antisense XSlug RNA induced a
moderate (Figs. 6, 1L, and 6, 2L) to a severe (Fig. 6, 3L)
decrease in XTwist expression, similar to its effect on
neural crest migration (Fig. 5), cartilage development (Fig.
7), and melanocyte formation (Fig. 8). Whether this loss of
XTwist expression reflects apoptosis of aberrantly migrat-
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ing neural crest cells, or some other process, is currently
under study.

The range of effects of XSlug antisense RNA is likely the
result in part of variations in its distribution within the
embryo. Whereas some specimens display the GFP marker,
and presumably the XSlug antisense RNA, in both ecto-
derm and mesoderm, others display the GFP marker in only
a subset of tissues (Fig. 6). Specimens in which the GFP
marker was present in both the ectoderm and the meso-
derm typically displayed the most severe effects. When the
GFP marker was observed in only the ectoderm there was
often a reduction of XSnail in the mesodermal tissues as
well (Fig. 3), suggesting that the antisense RNA diffuses
beyond the boundaries of the GFP marker.

Cranial neural crest streams appear to differ in their
sensitivity to XSlug levels. Whereas anterior cartilages are
typically modified or even lost in XSlug antisense RNA-
injected embryos, posterior cartilages are affected much less
frequently (Fig. 7). These rostrocaudal differences corre-
spond with differences in the particular migratory stream
that gives rise to the various cartilages (Fig. 1; Sadaghiani
and Thiebaud, 1987). Mandibular and hyoid streams gener-
ate most cartilages of the rostral half of the skull (e.g.,
Meckel’s, ceratohyal), whereas virtually all caudal crest-
derived cranial cartilages are derived from the branchial
streams. Cranial cartilages that are not derived from cranial
neural crest, e.g., basihyal, otic capsules (Stone, 1926;
Olsson and Hanken, 1996), were not affected by XSlug
antisense RNA injection.

It is unlikely that the rostrocaudal gradient in the effects
of XSlug antisense RNA on cranial morphology is due to
localized differences in levels of XSlug antisense RNA. For
example, one may imagine that the antisense RNA was
more highly localized in the most rostral regions in animals
that displayed the loss of rostral structures. But green
fluorescence, derived from the co-injected GFP RNA, was
regularly present in caudal regions of treated embryos,

FIG. 7. Cranial skeletal defects in XSlug antisense RNA-injected larvae. Dorsal (A) and ventral (B) views of a normal X. laevis tadpole (stage 47)
stained with Alcian blue reveal cranial cartilages (C—schematic drawing of ventral cranial cartilages and otic capsules, depicted as in Fig. 1B).
Type I (green fluorescence not restricted to either the left or the right side of the embryo) XSlug antisense RNA-injected embryos often displayed
moderate (D-F) to severe (G-I) defects in neural crest-derived cartilages. Typically, anterior cartilages were reduced or missing in treated
specimens. As a result, the remaining anterior neurocranium (trabecular plate) was either long and thin, usually tapering at the rostrum, or
foreshortened and bluntly pointed. The lower jaw was either extremely reduced or absent on both sides (in D it comprises a single cartilage), and
the ceratohyal becomes a single, triangular or VV-shaped cartilage (D, E, red arrows). Separate articulating Meckel’s and infrarostral cartilages are
not present as such (black arrow; F—schematic representation of the phenotype). Most anterior cartilages are missing in the most severely
affected animals (G, H). In G the jaw is missing and the cereatohyal is reduced (black arrow). In H the anterior half of the skull is ablated.
(I—schematic representation of this phenotype). In all Type | XSlug antisense RNA-injected larvae, non-neural crest-derived skeletal elements,
i.e., otic capsules and the basihyal cartilage, and the crest-derived ceratobranchial cartilages were unaffected. In Type Il embryos (green
fluorescence restricted to either the left or the right side of the embryo; J, K), neural crest-derived cranial cartilage morphology was normal on
the nonfluorescent (left) side, but highly abnormal on the fluorescent/XSlug antisense RNA (right) side. Defects include absence of Meckel’s
cartilage (black arrows) from the lower jaw and reduction (J) or absence (K—red arrow) of the ceratohyal cartilages. The most severely affected
Type Il specimens displayed a complete loss of all cranial cartilages, with the exception of non-neural crest cartilages (e.g., basihyal and otic
capsules) on the injected side (L—schematic representation of the severest phenotype). Bh, basihyal; CB, ceratobranchial; CH, ceratohyal; G, gut;
IR, infrarostral cartilage; M, Meckel’s cartilage; OC, otic capsule; PC, parachordal cartilage; SR, suprarostral plate; T, trabecula; TP, trabecular
plate.
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FIG. 8. Affect of XSlug antisense RNA on melanocytes. (A, B) Stage 48 larvae in dorsal view. (A) Normal pigmentation of a control larvae
injected with GFP RNA only. (B) Normal pigmentation is often dramatically reduced in both number and apparent size of melanocytes of
larvae injected with XSlug antisense RNA. (C, D) Control GFP RNA only injected larvae display a normal pattern of melanocyte
distribution (arrowhead in D points to the dorsomedial stripe located in the head). In a XSlug antisense RNA/GFP RNA-injected larvae (E,
F), loss of melanocytes ranges from moderate (F) to severe (see B). Arrowhead in F points out the absence of the dorsomedial stripe. Larvae

in C-F are at stage 40/41.

including those exhibiting the most severe rostral defects.
Moreover, we often observed reduction of melanocyte num-
bers in individuals that displayed only slight defects in the
anterior cranial cartilages, suggesting that the antisense
RNA was distributed throughout the specimen. Also, no
specimen was found in which caudal cranial cartilages were
modified while rostral cartilages were not. These results
indicate that particular streams of cranial crest have differ-
ent sensitivities to XSlug levels. This difference in sensitiv-
ity may be due to the fact that while rostral cranial
cartilages are derived primarily from the neural crest, the
more caudal cranial cartilages are formed by both neural
crest and surrounding mesenchymal cells (Sadaghiani and
Thiebaud, 1987).

Cross-regulation of Snail by Slug. Perhaps the most
surprising result to emerge from our studies was the down-
regulation of XSnail expression in embryos injected with
XSlug antisense RNA (Fig. 3). Nieto et al. (1994) used
antisense oligonucleotides directed against the CSlug cod-
ing region to examine its role in neural crest development.
While treatment of chick embryos with these antisense
oligonucleotides clearly induced a transient decrease in
CSlug expression, and an inhibition of neural crest migra-

tion, no data on the effect on CSnail expression was
presented (although antisense oligos directed against
CSnail did not affect neural crest differentiation).

It has previously been reported that in Xenopus, the
expression of XSnail begins at stage 9, prior to gastrulation,
in the dorsal marginal zone and progresses laterally to the
ventral side by stage 10 (Sargent and Bennett, 1990; Essex et
al., 1993). In contrast, XSlug expression is not detected until
stage 11, at which it is found in an arc on the dorsal side of
the embryo (Mayor et al., 1995). Using RT-PCR we show
that both XSlug (Fig. 3A) and XSnail (data not shown) are
maternally expressed. At stage 10, embryos injected with
XSlug antisense RNA showed no decrease in the level of
XSnail, but rather displayed an apparent increase in the
level of XSnail expression (Figs. 3B-3E). This was in distinct
contrast to later stages, at which XSnail RNA levels were
down-regulated, similar to that seen in XSlug (Fig. 3F-3l).
This raises the possibility that in X. laevis expression of
XSlug has two roles with respect to XSnail. In the formation
of early mesoderm XSlug appears to be involved in nega-
tively regulating the expression of XSnail, whereas in
neural crest XSlug may have a positive effect on XSnail
expression.
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The apparent dependence of XSnail expression on XSlug
expression, as well as the ability of both XSlug and XSnail
to rescue the neural crest migration defect induced by
XSlug antisense RNA (Fig. 5E), leads us to conclude that in
X. laevis neural crest Slug and Snail proteins play function-
ally similar roles. The cross-regulation of XSlug and XSnail
bears a resemblance to the interaction between Snail and
Escargot in the Drosophila wing disc (Fuse et al., 1996). In
that study, both Snail and Escargot functions were required
for expression of Snail and a single functional copy of either
gene was sufficient to support normal wing development. It
therefore seems plausible that in X. laevis, and perhaps in
the chick, in which expression of CSlug precedes expression
of CSnail in the crest, neural crest-specific expression of
CSnail may be dependent upon CSlug. Under these condi-
tions, depletion of Slug appears to lead to defects in neural
crest due to the absence of both Slug and Snail.

A different situation clearly applies in the mouse. The
pattern of MSnail and MSlug expression is significantly
different from that seen in the chick and X. laevis (Sefton et
al., 1998; Jiang et al., 1998). It has been argued that the
patterns of Slug and Snail expression have been “swapped”
between the chick and the mouse. This in itself argues for
the functional redundancy of the Slug and Snail proteins.
Whether subtle differences between the two are involved in
differences in neural crest-dependent morphogenic events
remains to be determined.
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