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Abstract
Dishevelled (Dvl) proteins are key transducers of Wnt signaling encoded by members of a multi-
gene family in vertebrates. We report here the divergent, tissue-specific expression patterns for all
three Dvl genes in Xenopus embryos, which contrast dramatically with their expression patterns in
mice. Moreover, we find that the expression patterns of Dvl genes in the chick diverge
significantly from those of Xenopus. In addition, in hemichordates, an outgroup to chordates, we
find that the one Dvl gene is dynamically expressed in a tissue-specific manner. Using
knockdowns, we find that Dvl1 and Dvl2 are required for early neural crest specification and for
somite segmentation in Xenopus. Most strikingly, we report a novel role for Dvl3 in the
maintenance of gene expression in muscle and in the development of the Xenopus sclerotome.
These data demonstrate that the expression patterns and developmental functions of specific Dvl
genes have diverged significantly during chordate evolution.

Introduction
Dishevelled (Dvl) is a multi-functional adaptor protein that transduces both canonical Wnt/
β-catenin and planar cell polarity (PCP) signaling pathways, and recent studies also suggest
roles for Dvl in vesicle trafficking and microtubule organization (Wallingford and Habas,
2005). As a component of the canonical Wnt pathway, Dvl functions downstream of
Frizzled to govern the activity of axin and GSK3, thereby impacting β-catenin stability and
nuclear localization (Baltzinger et al., 1999; Smalley et al., 1999; Amit et al., 2002; Bilic et
al., 2007). Dvl has been implicated in a plethora of Wnt-mediated cell-fate specification
events in multi-cellular animals including cnidarians, ecdysozoans, and deuterostomes
(Noordermeer et al., 1994; Sokol et al., 1995a; Sokol et al., 1995b; Weitzel et al., 2004; Lee
et al., 2007). Dvl-dependent PCP signaling controls a variety of polarized cell behaviors,
including wing hair outgrowth in Drosophila (Theisen et al., 1994; Krasnow et al., 1995),
and convergent extension cell movements, neural tube closure, and ciliogenesis in
vertebrates (Sokol, 1996; Wallingford et al., 2000; Wallingford and Harland, 2002; Oishi et
al., 2006; Wang et al., 2006; Park et al., 2008).
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Wnt ligands and their Frizzled receptors are encoded by multi-gene families, and the precise
expression patterns of the many Wnt and Frizzled genes have been well documented in
animals ranging from vertebrates to cnidarians (Hotta et al., 2003; Kusserow et al., 2005;
Garriock and Krieg, 2007). Indeed, the developmental and evolutionary significance of the
individual Wnt genes has been the subject of intensive studies (e.g. (van Amerongen and
Berns, 2006)). Like the Wnts and Frizzleds, vertebrate Dvls are also encoded by a multi-
gene family, and the recent explosion of genome data has revealed that the number of Dvl
genes varies among deuterostomes from one in ascidians and sea urchins to three discrete
Dvl genes in most vertebrates genomes (Hotta et al., 2003). Based on current models of
vertebrate genome evolution, the presence of three vertebrate paralogs is most likely the
result of two rounds of genome duplication followed by gene loss of one of the paralogs
(Sidow, 1996; Sidow et al., 1999; Wolfe, 2001; Dehal and Boore, 2005). Unlike the
situation with Wnt and Frizzled genes however, the precise expression patterns and the
developmental significance of the various Dvl genes has remained largely unexplored
outside of the mouse.

Null mutants for Dvl1 in the mouse exhibit deficits in social interaction and sensorimotor
gating (Lijam et al., 1997), and these mice display defects in synaptogenesis and in dendritic
arborization (Rosso et al., 2005; Ahmad-Annuar et al., 2006). On the other hand, mouse
Dvl2 is essential for normal cardiac morphogenesis, somite segmentation, and neural tube
closure in the mouse (Hamblet et al., 2002). Dvl3 single mutants develop with heart defects
(Etheridge et al., 2008). Mouse Dvl1, Dvl2, and Dvl3 are functionally redundant at least in
part; double nulls and even trans-heterozygotes display more severe phenotypes than the
single mutant Dvl2 or Dvl3 mice alone (Hamblet et al., 2002; Etheridge et al., 2008).

Our knowledge of the distinct developmental roles played by discrete Dvl genes in other
vertebrates is almost completely lacking. Specific knockdown of Xenopus Dvl2 (previously
called Xdsh, see below) has been shown to cause defects in the positioning of retinal
progenitors (Lee et al., 2006), but the vast majority of experiments concerning Dvl function
in other vertebrates have been carried out using dominant-negative constructs that are
thought to disrupt the function of all three Dvls. As such, the specific roles of the different
genes and the degree of redundancy among these genes, has not been investigated in
vertebrate animals other than the mouse.

Dvl gene expression patterns have been reported for the mouse, where they are very broadly
expressed (Sussman et al., 1994; Klingensmith et al., 1996; Steitz et al., 1996; Tissir and
Goffinet, 2006). The broad expression patterns reported for Dvl genes in the mouse have
been paraphrased as being ubiquitous, and so the transcriptional control of Dvl genes has
been entirely ignored. Here, we show that the three Dvl genes have divergent and specific
expression patterns in early embryogenesis in Xenopus and that these patterns differ
significantly from those in the mouse. Moreover, we show that expression patterns of Dvl
genes in the chick differ substantially from those in Xenopus and mouse. For a broader
evolutionary perspective, we investigated the expression of the single copy of Dvl during the
development of hemichordates, an outgroup to chordates, and show it is also
developmentally dynamic and tissue-specific.

To better understand the developmental control of Wnt signaling mechanisms, we will need
to correlate specific Wnt-mediated developmental events with the various Dvl genes in a
variety of vertebrate animals. We therefore report here on the embryonic phenotypes that
result from knockdown of specific Dvl genes in Xenopus. As described for mice, we find
key roles for Dvl1 and Dvl2 in somite segmentation, while in contrast to the mouse, we
observed specific roles for Dvl1 and Dvl2 in early neural crest specification. Finally, we
identify a novel role for Dvl3 as a regulator of myotome and sclerotome cell fates in
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Xenopus. These Xenopus-specific functions for Dvl3 may reflect the evolutionarily derived
mechanisms of muscle and sclerotome development in amphibia (Keller, 2000; Scaal and
Wiegreffe, 2006; Handrigan and Wassersug, 2007).

Together, these data reveal a surprising divergence in the expression, and therefore, the
developmental function, of specific Dvl genes in the vertebrates. Moreover, the data suggest
that transcriptional control of Dvl gene expression may be an important regulator of Wnt-
dependent developmental events in vertebrates, and when considered in combination with
the spatially and temporally regulated expression of Dvl in hemichordates, this likely
represents a common regulatory mechanism within the deuterostomes.

Methods and materials
Sequence analyses

Sequence alignment was performed using ClustalX (Jeanmougin et al., 1998). Neighbor-
joining trees were constructed using PAUP* (Poe and Swofford, 1999; Rogers and
Swofford, 1999). Non-parametric bootstrap proportions for clades were assessed with 1000
pseudo-replicates.

Xenopus embryos, in situ hybridization, and manipulations
Xenopus laevis embryos were obtained and cultured by standard methods (Sive, 2000).
Embryos were allowed to develop in 0.3× Marc's modified Ringer (MMR) solution and
staged according to the normal table of (Nieuwkoop and Faber, 1967).

Morpholino antisense oligonucleotides were obtained from GeneTools, LLC:

Dvl1MO, 5′-GGTAGATGATTTTGGTCTCAGCCAT-3′

5mis Dvl1MMMO, 5′-GcTAGATcATTTTcGTCTgAGCgAT-3′

Dvl2MO, 5′-TCACTTTAGTCTCCGCCATTCTGCG-3′

As described previously (Lee et al., 2006).

Dvl3MO, 5′-GGTAGATGACCTTGGTCTCCCCCAT-3′

Dvl3 Alternate MO, 5′-GGCTTAGCCCCAAAATCTGTCATAC-3′

5mis Dvl3 MMMO, 5′-GcTAGATcACCTTcGTCTgCCCgAT-3′

Embryos were allowed to develop until desired stage and then fixed for 2 h in MEMFA,
except for the fibronectin antibody where embryos fixed in Dent's fixative. In situ
hybridizations were carried out with RNA probes labeled with digoxigenin-UTP by using
the technique previously described (Sive et al., 2000). Probes used were Pax3, (Mariani et
al., 2001); XMyoD, (Hopwood and Gurdon, 1990); Dvl1, CD362087(ATCC); Dvl2{Sokol,
1995 #3404}; Dvl3, XL190g16 (NIBB); XMyf5, (Hopwood et al., 1991); XSlug, (Mancilla
and Mayor, 1996); XTwist, (Hopwood et al., 1989); Myoskeletin, (Zhao et al., 2007);
XParaxis, (NIBB); and XPax1, XL085n23 (NIBB). The muscle-specific 12/101 monoclonal
antibody was used to visualize differentiated somites (Kintner and Brockes, 1984)
(Developmental Studies Hybridoma Bank, University of Iowa). 12/101 was used at 1:5, as
described (Sive et al., 2000), along with anti-mouse 2° Alexafluor 488 (Molecular Probes).
For combined in situ hybridization and immunostaining, in situ staining was performed first.
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Chick embryos and in situ hybridization
Fertilized Leghorn eggs (Ideal Poultry, Texas) were incubated at 38°C in a forced draft-
humidified chamber. Embryos were staged according to Hamburger and Hamilton
(Hamburger and Hamilton, 1951).

Embryos were harvested between embryonic day 2 and 3 and immersion-fixed in 4%
paraformaldehyde. Digoxigenin-conjugated antisense riboprobes were prepared from chick
cDNAs for chick DVL1 and DVL3. Whole-mount in situ hybridizations were conducted
using NBT (Roche) tetrazolium histochemistry according to previously established protocols
(Agarwala et al., 2001; Agarwala and Ragsdale, 2002). Probe fragments for chick DVL1 and
DVL3 were generated by polymerase chain reaction from a pool of E2 whole embryo cDNA
and then subcloned into the pCR-TOPO II vector (Invitrogen). Primers were designed using
MacVector based on sequences submitted to NCBI (chick Dvl1: NM001030873
gi-71894888 and chick Dvl3: XM422756 gi-118095208). The primer pairs are as follows:

Chick DVL1

Forward: 5′-GGATTGGACAACGAAACAGGAAC-3′

Reverse: 5′-TGTGGAAGTGGAGCAAGGGTATC-3′

Chick DVL3

Forward: 5′-AATACTGGGGGGAGTCGGGAAAAC-3′

Reverse: 5′-TTCACGGTGTGTCGGATGTAGC-3′

Hemichordate embryos and in situ hybridization
In situ hybridizations were done according to (Lowe et al., 2004), but post-fixation was done
in formaldehyde rather than in Bouin's fixative.

Results and Discussion
Divergence of Dvl genes during chordate evolution

The genus Xenopus includes several species, and extensive sequence data are available for
two of these, X. tropicalis and X. laevis. Examination of the X. tropicalis genome and of the
EST collections for both X. tropicalis and X. laevis reveal that Xenopus has three Dvl genes,
as in mammals. We assigned Xenopus Dvl gene names based upon comparison of Xenopus
sequence to known human and mouse orthologues. The original Xdsh clone has thus been
re-assigned as Dvl2 (U31552){Sokol, 1995 #3404}. We obtained full-length EST clones for
Dvl1 and Dvl3 (CD362859 and BJ636385, respectively).

Phylogenetic analyses comparing Xenopus, human and mouse Dvl protein sequences clearly
placed the three Xenopus Dvl genes into three different clades with orthologous mouse and
human Dvls, strongly supporting orthology of each gene (Fig. 1).

The genomes of deuterostomes vary in their number of Dvl genes, from one in
hemichordates, urchins, and ascidians, to three in most vertebrates. We therefore examined
sequence information to begin to understand the divergence of Dvl genes in the
deuterostomes. Hemichordates and sea urchins are basal deuterostomes, and like the non-
deuterostome Drosophila, each has only one Dvl gene (Fig. 1). This is consistent with a
model in which the common ancestor of deuterostomes had only one Dvl gene. The other
deuterostomes, the chordates, are divided into three groups: the urochordates (including
ascidians), cephalochordates (including Amphioxus) and vertebrates. Ascidians have only
one Dvl gene, but interestingly, searches of EST data identify two Dvl genes in the genome
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assembly of the cephalochordate amphioxus (Branchiostoma fl. (Putnam et al., 2008)).
Phylogenetic analyses place these two genes within their own clade, separate from the
vertebrate Dvls (Fig. 1), indicating these genes are a product of a duplication within the
cephalochordate lineage, independent of gene duplications in the vertebrate lineage.
Together, these data suggest there was one Dvl gene in the common ancestor of chordates.

Of the three Dvl genes in most vertebrates, phylogenetic analysis suggests Dvl2 and Dvl3
form a clade distinct from Dvl1 (Fig. 1A). This suggests that within the vertebrate lineage,
the ancestral Dvl duplicated once to produce two lineages represented by Dvl1 and Dvl2/3,
and a secondary duplication in the latter gene lineage produced Dvl2 and Dvl3. If these
duplications are a result of the two whole-genome duplications early within the vertebrate
lineage, then another paralogue within the Dvl1 subfamily (Dvl4) was subsequently lost.

The patterns of Dvl1, Dvl2, and Dvl3 expression differ substantially between mouse and
Xenopus

To understand the roles played by Dvl1, Dvl2 and Dvl3 during Xenopus development, we
first examined their expression patterns by in situ hybridization. We observed that all three
Dvls were equivalently expressed in the marginal zone mesoderm and somewhat more
weakly in the ectoderm at early gastrulation stages (Supp. Fig. 1). However, at later stages,
the expression patterns of the three genes diverged considerably. The pattern of Dvl1
expression in Xenopus shares some similarity with the expression of Dvl1 in the mouse, in
particular the robust expression in the neural tube and somites (Fig. 2; Supp. Figs. 2, 3)
(Sussman et al., 1994). Moreover, later strong expression of Dvl1 in the cranial placodes of
Xenopus (Supp. Fig. 3) may reflect expression of mouse Dvl1 in cranial ganglia (Sussman et
al., 1994; Tissir and Goffinet, 2006).

To our surprise however, there were several important points of divergence between the
expression patterns of Dvl1 in Xenopus and mouse. For example, while Dvl1 is not
expressed in the mouse node (Sussman et al., 1994), Dvl1 was robustly expressed during
gastrulation in involuting dorsal tissues, with pan-dorsal expression during neurulation (Fig.
2A-C; Supp. Fig. 3). The most significant difference was the strong and specific expression
of Dvl1 in the developing neural crest and in the otic placodes (Fig. 2A, B; Supp. Fig. 3).

Divergence in expression patterns between mouse and Xenopus was even more pronounced
for Dvl2. In the mouse, embryonic Dvl2 expression has been reported to be essentially
ubiquitous (Klingensmith et al., 1996; Tissir and Goffinet, 2006). By contrast, Dvl2
expression was highly upregulated in dorsal tissues during Xenopus neurulation, and strong
expression of Dvl2 was observed in the migrating neural crest at early tailbud stages. At
later tailbud stages, Dvl2 is very strongly expressed in the branchial arches, otic placodes
and also in the somites (Fig. 2F; Supp. Fig. 4).

Most surprising was the divergence of the Xenopus Dvl3 expression patterns from those of
other Dvl family members in Xenopus and also the divergence between Dvl3 expression
patterns in Xenopus and mouse. In the mouse, early expression of Dvl3 is ubiquitous, but
Dvl3 transcription is subsequently upregulated in neural tissue and somites, before again
becoming ubiquitous (Tsang et al., 1996; Tissir and Goffinet, 2006). Dvl3 expression in
Xenopus is entirely different. During neurulation, we consistently observed restriction of
Dvl3 gene expression to the paraxial mesoderm and then later to presomitic mesoderm (Fig.
2G, H; Supp. Fig. 5). This pattern is maintained well into the late tailbud stages, at which
time Dvl3 is also expressed in the developed somites. At these stages, we also observed
strong Dvl3 expression in the heart and in a subset of cranial placodes (Fig. 2I; Supp. Fig.
5E).

Gray et al. Page 5

Dev Dyn. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Dvl expression patterns in the chick differ substantially from those in Xenopus
Given that Dvl gene expression in the mouse has been thought to be somewhat ubiquitous,
we found the divergent, tissue-specific expression patterns for Dvl genes in Xenopus to be
striking. To ask whether or not such tissue-specific expression of Dvl genes was a general
feature of vertebrate animals, we examined Dvl gene expression in the chick. In contrast to
Xenopus and mouse, we identified only two Dvl homologues in the chick genome,
consistent with previous reports (Sweetman et al., 2008). Based upon primary sequence, the
two chick Dvls corresponded to Dvl1 and Dvl3 (Fig. 1).

The expression patterns of these two Dvl genes differed dramatically from those observed in
Xenopus. Dvl1 was not detected by in situ hybridization in embryonic day 2 (E2) chick
embryos (not shown), consistent with previous reports that it does not mediate the PCP-
dependent cell movements during chick gastrulation (Hardy et al., 2008; Sweetman et al.,
2008). By E3, Dvl1 is very highly expressed, but its expression is largely restricted to the
optic stalk and ventral forebrain (Fig. 3A). Upon longer exposure, Dvl1 was also detected
throughout the ventral spinal cord and the notochord (Fig. 3a′, 4a″). (We also observed
staining in the midbrain and forebrain, but these are most likely artifacts of trapping of the
chromogenic substrate in the lumen of the brain.) We observed no expression of Dvl1 in the
somites or neural crest in the chick.

In stark contrast to the very localized expression of Dvl3 in Xenopus, Chick Dvl3 was quite
broadly expressed. At E2, Dvl3 was observed in the brain, spinal cord and in the somites
(Fig. 3B). Examination in cross-sections revealed an elevated level of Dvl3 expression in the
ventricular layer of cells in the spinal cord in addition to its localization in the presomitic
mesoderm and the notochord (Fig. 3E). By E3, Dvl3 expression remained within the neural
tube, notochord, and the somites but also was observed in the eye and the fore- and hind-
limb buds (Fig. 3C, D). Interestingly, Dvl3 expression in the developing somites was
restricted to the sclerotome as well as part of the dermomyotome (Fig. 3F, f′).

Dvl transcription is tightly regulated in the embryos of the basal deuterostome,
Saccoglossus kowalevskii

Because mouse, frog and chick homologs of Dvl have such divergent expression domains,
we decided to examine Dvl in a non-chordate deuterostome phylum. The hemichordate
Saccoglossus kowalevskii is a good outgroup for examinations of chordate Dvl genes (Lowe,
2008), and we found one Dvl ortholog by searching the hemichordate EST library and
genome trace archives. Sequence analysis shows that it is a homolog to vertebrate Dvl genes
(Fig. 1). In situ hybridization of this Dvl gene shows expression is limited to specific tissues
during early development (Fig. 4). In blastulae, Dvl is expressed ubiquitously, but by
gastrulation Dvl is downregulated in the posterior ectoderm surrounding the ciliated band
(Fig. 4A, B). During late gastrulation, Dvl is heavily upregulated in anterior mesoderm, but
downregulated in endoderm and posterior mesoderm. In juveniles, Dvl is expressed heavily
in the anterior, including the ectoderm and mesoderm, but in posterior tissues is either
expressed at lower levels or is completely absent (Fig. 4C, D).

Thus, expression patterns of S. kowalevskii Dvl are highly regulated and tissue-specific,
including expression within the ectoderm and mesoderm. Since both a non-chordate and
vertebrates show extensive regulation of Dvl genes at the level of transcription, it is highly
likely that ancestral chordate Dvl gene was subject to temporal and spatial transcriptional
regulation during early development.

Gray et al. Page 6

Dev Dyn. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Knockdown of Dvl1 and Dvl2, but not Dvl3, disrupts early neural crest specification in
Xenopus

Because the Dvl genes have divergent expression patterns in Xenopus embryos as compared
to mouse embryos, we next sought to uncover the developmental functions of the three Dvls
in Xenopus and to ask if the assignment of specific Dvl genes to specific developmental
events varied between Xenopus and mice. We have generated translation-blocking
morpholinos (MOs) that specifically target each Dvl gene in Xenopus (Table 1). The
specificity of these MOs for particular Xenopus Dvls has been demonstrated previously
using in vitro translated proteins and western blotting of embryo lysates with anti-Dvl
antibodies (Park et al., 2008).

Dorsally-targeted triple knockdown of all Xenopus Dvls resulted in defects consistent with
previous reports using dominant-negative to disrupt Dishevelled function (Sokol et al.,
1995a; Sokol et al., 1995b; Sokol, 1996). We observed failure of convergent extension and
defects in the anterior-posterior pattern of the central nervous system (Supp. Fig. 6). The aim
of this study, however, is to understand gene-specific Dvl functions and how they differ
between vertebrates. One key difference in Dvl gene expression between mouse and
Xenopus is the strong and specific expression of Dvl1 and Dvl2 in the Xenopus neural crest.
Dominant-negative studies have implicated Dvl in mediating PCP signals that govern neural
crest migration in Xenopus (De Calisto et al., 2005), but the role of Dvl in early neural crest
specification has not been directly examined. Canonical Wnt signaling is known to be
crucial to Xenopus neural crest induction (LaBonne and Bronner-Fraser, 1998b; Monsoro-
Burq et al., 2005), though this mechanism may not be conserved in amniotes (Schmidt et al.,
2007).

To probe the significance of the strong expression of Dvl in Xenopus neural crest, we
injected Dvl1 MO to one dorsal-lateral blastomere at the 16-cell stage of development in
order to unilaterally affect the presumptive neural crest (Moody and Kline, 1990). MOs were
co-injected with a fluorescent dextran lineage tracer, and only properly targeted embryos
(Fig. 5A′,B′) were processed for in situ hybridization for Slug as a marker of early neural
crest and Twist as a marker of later neural crest (Aybar et al., 2003). Injection of the Dvl1
MO at a high dose disrupted the expression of Slug in over 80% of embryos (Fig. 5A, C). At
later stages, the Dvl1 morphants showed similar disruptions of Twist expression (Fig. 5B,
D).

To demonstrate the specificity of this neural crest phenotype, we designed a 5-bp mismatch
MO to Dvl1 (Dvl1MMMO). Injection of this Dvl1MMMO at a high dose had no effect on
Slug or Twist expression (Fig. 5C′, D′). Moreover, the effects of Dvl1MO were dose-
dependent; co-injection of one-half doses of Dvl1MO and the Dvl1MMMO resulted in a
dramatic reduction in the number of embryos with disrupted Slug or Twist expression as
compared to injection of a high dose of Dvl1MO alone (Fig. 5C, D).

Dvl2 is co-expressed in the Xenopus neural crest with Dvl1, so we next tested the role of
Dvl2 in neural crest specification. Like Dvl1 morphants, Dvl2 morphants also failed to
express Slug or Twist (Fig. 5C, D). Consistent with functional redundancy between Dvl1
and Dvl2, we observed that injection of a combined half-dose of Dvl1MO and Dvl2MO
(36ng each) resulted in neural crest defects equivalent to injection of a full dose (72ng) of
either MO alone. In contrast, injection of a half doses of the Dvl2MO and Dvl1MMMO(s)
resulted in far fewer disruptions of slug or twist expression (Fig. 5C′, D′). These data
indicate that the MO phenotypes are specific and that Dvl1 and Dvl2 share some functional
redundancy in mediating neural crest induction in Xenopus.
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As a final control, we injected our MO targeted against Dvl3. Consistent with the absence of
Dvl3 expression in early neural crest (Fig. 3G, H), injection of a full dose of the Dvl3MO
had no effect on Slug expression (Fig. 5C). Dvl3 MO had a very modest effect on the later
expression of Twist, consistent with Dvl3's low level expression in the crest at later stages
(Supp. Fig 5D). Serendipitously, our Dvl3MO differs from our Dvl1 MO by only 4bps
(Table 1), so the Dvl3 MO serves as an important control for specificity. Injection of the
Dvl3MO did not disrupt early neural crest induction, but did consistently elicit specific
defects in somite development that were not observed with Dvl1MO or Dvl2MO (see
below). Thus, dose-dependent MO phenotypes for each Dvl gene correlated with sites of
expression for each Dvl, while mismatched MOs had no effect.

Taken together, these data suggest that Dvl1 and Dvl2, but not Dvl3, are necessary to
mediate the Wnt-dependent signals that control neural crest specification in Xenopus (e.g.
(LaBonne and Bronner-Fraser, 1998a; Monsoro-Burq et al., 2005)). This result is important,
as it highlights the divergent roles of the three vertebrate Dvl genes in the development of
different animals. No neural crest-specific expression has been reported for any mouse Dvl.
Dvl1 mutant mice do not display neural crest defects (Lijam et al., 1997), but neural crest
does contribute importantly to the development of the cardiac outflow tracts, and these are
defective in mice lacking Dvl2 (Hamblet et al., 2002). These results also suggest a lack of
redundancy for Dvl1 and Dvl2 in neural crest development; lack of Dvl gene redundancy
has also been observed for certain phenotypes in the n mouse (Etheridge et al., 2008).

A conserved role for Dvl1 and Dvl2 in somite segmentation
Xenopus Dvl genes are expressed in divergent patterns in the developing somite and
presomitic mesoderm (Fig. 2). In order to study the role of Dvls in somitogenesis while
avoiding early morphogenetic defects, we targeted our MOs to a subset of the presumptive
somites using ventral-vegetal injections (Moody and Kline, 1990;Afonin et al., 2006).
Targeted injections of the Dvl1 or Dvl2 MOs alone or a combination of Dvl1 and Dvl2 MOs
resulted in embryos that were short in length and that displayed defects in somite boundary
formation. Using Immunostaining for 12/101 and for fibronectin, we observed both failure
of boundary formation, and ectopic boundary formation in Dvl1 and Dvl2 morphants (Fig.
6C, D; data not shown). In these morphants, the expression of MyoD was maintained
throughout the somite (Fig. 7B). This phenotype is consistent with studies in mice lacking
Dvl1 and Dvl2 (Hamblet et al., 2002).

A novel role for Dvl3 in the maintenance of gene expression in the Xenopus myotome
The most striking difference between mouse and Xenopus Dvls was the strong and specific
expression of Dvl3 in the Xenopus presomitic and somitic mesoderm (Fig. 2). This unique
pattern of Dvl3 expression is interesting given that somite development is highly derived in
amphibians in general, and that somitogenesis is variable even among the anurans, being
particularly derived in Xenopus (Keller, 2000;Scaal and Wiegreffe, 2006;Handrigan and
Wassersug, 2007). It is thought that the derivation of somite development in amphibians is
an adaptation to their initially-aquatic lifestyle; the tadpole tail lacks an osseous skeleton and
is more flexible that that of most fishes (Hoff and Wassersug, 2000;Handrigan and
Wassersug, 2007). To better understand the role of this unique domain of Dvl3 expression in
Xenopus, we examined the effects of targeted Dvl3 knockdown in the somites.

In contrast to Dvl1 and Dvl2, Dvl3 knockdown had little effect on somite segmentation (Fig.
6). Reflecting their highly derived nature, Xenopus somites are formed from mesenchymal,
rather than epithelial, cells. These cells are initially oriented perpendicular to the
anteroposterior axis; the cells then rotate en mass to take on their final orientation parallel to
the long axis (Afonin et al., 2006;Handrigan and Wassersug, 2007). However, we observed
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anteroposteriorly aligned cells in Dvl3 morphants, suggesting no role for Dvl3 in somite
rotation (Fig. 6E).

We did however consistently observe an attenuation of MyoD expression in the anterior
somites of Dvl3 morphants (Fig. 7C, E). Curiously, this decrease of anterior MyoD
expression was not accompanied by a decrease in anterior 12/101 staining (Fig. 7E′),
suggesting that somites had been patterned normally, but that MyoD expression was not
maintained. We observed a similar phenotype when we examined Myf5. Myf5 expression in
the body of the somite was reduced anteriorly, though expression in epaxial and hypaxial
muscle was unaffected by these injections (Fig. 7G). As with MyoD, the reduction of Myf5
was not accompanied by loss of 12/101staining (Fig. 7G′).

Several lines of evidence demonstrate that this somite phenotype was specific for Dvl3.
First, we observed the same loss of anterior MyoD expression with a second, independent
Dvl3 MO (Table 1; data not shown). Second, a 5bp mismatched MO for Dvl3 had no effect
on MyoD expression (data not shown). Third, and most compellingly, our Dvl1 MO differs
from the Dvl3 mRNA sequence by only 4bp (Table 1), but injection of Dvl1 MO
consistently disrupted somite segmentation and did not attenuate anterior MyoD expression
(Fig. 7B; Fig. 6C).

We next asked if the reduction in MyoD expression resulted from a failure to initiate or a
failure to maintain expression. We assessed the expression of myogenic regulatory factors at
a variety of stages in Dvl3 morphants. When assessed at stage 13, Dvl3 morphants displayed
no significant loss of MyoD or Myf5 (Fig. 7I; data not shown). By contrast, we found that
expression of MyoD, Myf5, and also MyoS (another bHLH myogenic regulator) was clearly
disrupted in anterior regions at early tailbud stages in Dvl3 morphant embryos (Fig. 7K, M;
data not shown). These data reveal a novel, Dvl3-specific function in maintaining expression
of the myogeneic regulatory transcription factors in Xenopus. We have found no reports of a
similar phenotype following manipulation of Wnt signaling in other animals, so this result
may reflect the highly derived nature of somitogenesis in Xenopus. It is tempting to
speculate that this Xenopus-specific role for Dvl3 in controlling gene-expression in muscle
cells may be related in some way to the delayed multi-nucleation of myocytes in anuran
amphibians or to the fact that multi-nucleation in anurans involves nuclear divisions rather
than the cell fusions observed in amniotes (Handrigan and Wassersug, 2007).

A novel role for Dvl3 in sclerotome development in Xenopus
In addition to the curious mode of myotome development in amphibians, the nature of
sclerotome development of amphibian embryos is also evolutionarily derived. Though this
tissue has received very little attention, it is clear that multiple modes of sclerotome
development exist even within the amphibia (Scaal and Wiegreffe, 2006). In contrast to the
chick, the sclerotome of amphibians is extremely small and difficult to visualize (Handrigan
and Wassersug, 2007). In Xenopus the small number of sclerotome cells segregates from the
myotome and takes up a peri-notochordal position (Youn et al., 1980; Handrigan and
Wassersug, 2007). The molecular basis of sclerotome development in amphibia is almost
entirely unexplored, so we asked if the divergent, specific expression of Dvl3 might be
related to sclerotome development. Paraxis is a known Wnt target gene in chick and is
involved in sclerotome development (Linker et al., 2005; Takahashi et al., 2007), so we were
encouraged to find that Paraxis expression was decreased and disordered in Dvl3 morphants
(Fig. 8A, B).

We next examined the expression of Pax-1, which is expressed in the sclerotome of most
vertebrates, including Xenopus (Handrigan and Wassersug, 2007). Pax-1 was strongly
expressed perinotochordally, consistent with the location of Xenopus sclerotome cells (Fig.
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8C). In Dvl3 morphants, perinotochordal Pax1 expression was almost entirely eliminated,
though expression in the branchial arches (not targeted by injection) was unaffected (Fig.
8D). These results suggest that the unique and specific expression of Xenopus Dvl3 in the
presomitic region is required for the derived mode of sclerotome development in this
animal.

Conclusions
Wnts and Frizzleds are members of large gene families, and the developmental functions of
these proteins are controlled in part by the restricted expression patterns of the genes that
encode them. For example, Wnt11 plays key roles in early dorsal patterning in Xenopus,
while ventrally-expressed Wnt8 is central to patterning ventral structures (Christian et al.,
1991; Tao et al., 2005). Indeed, a role for patterned expression of Wnt genes is conserved
from vertebrates (Garriock et al., 2007) to basal metazoans, such as cnidarians and sponges
(Kusserow et al., 2005).

By contrast, the Dvls form a three-member gene family in most vertebrates, but the
expression patterns and developmental functions of Dvls have received little attention. Here,
we have reported detailed expression patterns for all Dvl genes in Xenopus and in the chick.
We find that in contrast to the mouse, Dvl genes' expression is spatially and temporally
dynamic, and remarkably divergent between these two vertebrates. Moreover, we have
expanded the comparative scope of the project by investigating Dvl expression outside of
vertebrates, during the development of a basally branching deuterostome, the hemichordate
S. kowalevskii. Dvl expression is also dynamic and tissue-specific in this animal. These data
demonstrate that tissue specific, temporal and spatial regulation of Dvl transcription may be
a general feature of deuterostomes. Furthermore, our data strongly suggest there was one
Dvl gene in the common ancestor of chordates and that this gene was duplicated
independently in both cephalochordate and vertebrate lineages.

We have also systematically knocked down the three Dvls in Xenopus. Consistent with
previous experiments using dominant-negative constructs, we show a role for Dvl in axis
elongation and in anteroposterior patterning of the central nervous system in Xenopus.
Moreover, we show that the specific role for Dvl1 and Dvl2 in somite segmentation
identified in the mouse is conserved in Xenopus. We also find that Dvl1 and Dvl2
specifically transduce the canonical Wnt signals that specify neural crest in Xenopus, a role
not conserved in mice. Canonical Wnt signals also specify neural crest in the chick (Garcia-
Castro et al., 2002), so in light of the expression data shown here, we would predict that
Dvl3 mediates that signal in the chick.

Finally, we report here that the loss-of-function phenotype for Dvl3 in Xenopus is entirely
divergent from that of Dvl3 in the mouse (Etheridge et al., 2008). We report a novel role for
Dvl3 in somite patterning in Xenopus, where our data suggest a specific requirement for
Dvl3 in mediating Wnt-dependent signals that maintain muscle cell identity and direct
sclerotome development. This Xenopus-specific function for Dvl3 likely reflects the highly
derived mechanism of amphibian somite development (Scaal and Wiegreffe, 2006;
Handrigan and Wassersug, 2007). Moreover, the result suggests that evolutionary changes to
Dvl paralogue function during vertebrate diversification have resulted in a range of
developmental roles for the lineage specific patterns reported here.

This study demonstrates that Dvl gene transcription is, as a general rule, highly regulated
during vertebrate development and identifies specific developmental phenotypes resulting
from knockdown of Dvl1, Dvl2, and Dvl3 in Xenopus. A recent study has found that the
different Dvl proteins have subtly differing abilities to transduce Wnt signals (Lee et al.,
2008). However, other studies have suggested that the different Dvl proteins behave
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interchangeably (Rothbacher et al., 1995). The dramatically different phenotypes we
observed following Dvl knockdowns correlate with the temporal and spatial domains of Dvl
gene transcription. We think it likely that the result of this study reflect an important, but
previously ignored, role for transcriptional control of Dvl gene expression as an important
regulator of Wnt-dependent patterning events in vertebrate embryos. Furthermore, it is likely
that tight transcriptional regulation of Dvl expression is a common feature of, at least
deuterostomes, and possibly all metazoans.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Phylogenic analysis of Dishevelled (Dvl) family genes
Blue box outlines Dvl1 family genes. Green box outlines Dvl2 family genes. Red box
outlines Dvl3 family genes. Hs- Homo sapiens; Mm- Mus musculus; Xl- Xenopus laevis;
Gg- Gallus gallus; Tr- Takifugu rubripes; Sk- Saccoglossus kowalevskii; Lv- Lytechinus
variegates; Nv-Nematostella vetensis; Bf- Branchiostoma floridae; Dm- Drosophila
melanogaster; Ci-Ciona intestinalis.
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Figure 2. Divergent expression patterns of Dvl1, Dvl2, and Dvl3 in Xenopus embryos
(A): Dorsal view of a stage 20 embryo exhibits Dvl1 expression in neural crest, optic
placodes, and neural folds. (B): Lateral view of a stage 23 embryo shows continued Dvl1
expression in the streaming cranial neural crest and the developing eye, as well as the otic
placodes and the segmenting somites. (C): Lateral view of a stage 29/30 embryo expressing
Dvl1 in the somites and in multiple cranial placodes (see Supp Fig. 2). (D): Dorsal view of a
stage 22 embryo exhibiting Dvl2 expression in the streaming cranial neural crest, developing
eyes, and neural folds. (E): Lateral view of a stage 23 embryo expressing Dvl2 in the otic
placodes, neural crest and eyes. (F): Lateral view of a stage 29/30 embryo exhibits Dvl2
staining in the somites, developing eye, and brancial arches. (G): Lateral view of a stage 18
embryo expressing Dvl3 in paraxial mesoderm. (H): Lateral view of a stage 23 embryo
exhibits Dvl3 expression in the presomitic mesoderm and developing somitomeres. (I):
Lateral view of a stage 35/36 embryo expressing Dvl3 in mature somites, multiple head
placodes, and the developing heart.
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Figure 3. Divergent expression patterns of Dvl1 and Dvl3 in the chick
(A): Lateral view of Dvl1 expression in an E3 chicken embryo. Dvl1 transcripts are strongly
localized to the optic stalk and the ventral forebrain. (a′): Extending the length of the color
development reveals Dvl1 expression throughout the midbrain, forebrain, eye, spinal cord
and notochord. (a″): A cross-section through the spinal cord at the level indicated in (a′).
Dvl1 expression is restricted to the notochord and the ventral spinal cord. (B): Dorsal view
of Dvl3 expression in an E2 chicken embryo. Dvl3 is expressed in the somites, the tail bud,
and throughout the neural tube. (C): Dorsal view of Dvl3 expression in the posterior half of
an E3 chicken embryo. Dvl3 expression remains within the neural tube and somites, but is
also present in the fore- and hind-limb buds. (D): Lateral view of Dvl3 expression in an E3
embryo. (E): A cross-section through an E2 embryo as indicated in (B). Dvl3 is expressed in
the neural tube, the notochord and presomitic mesoderm. Note the elevated level of Dvl3
expression within the cells of the ventricular layer. (F): A cross-section through an E3
embryo as indicated in (C). Dvl3 transcripts are observed in the notochord and the entire
spinal cord except for the dorsal-most region. Dvl3 expression in the developing somites is
restricted to the ventral dermomyotome, the dorsal sclerotome and the myotome itself. Note
the increased level of Dvl3 expression in the medial dermomyotome. (f′): DAPI staining of
the section shown in (F) clearly reveals the organization of the somite and the cells within.
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Figure 4.
Wholemount in situ hybridization of S. kowalevskii Dvl at the following stages: a)
blastula, b) gastrula, c) elongating gastrula, and d) prehatching juvenile. All embryos are
shown with anterior to the upper left, and the juvenile embryo has dorsal positioned to the
upper right. White arrows indicate Dvl up regulation in the anterior mesoderm, and the white
arrowheads note the location of the ectodermal ciliated band. p: proboscis, c: collar, t: trunk.
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Figure 5. Neural crest induction in Xenopus requires Dvl1 and Dvl2, but not Dvl3
(A-A″): Unilateral injection of MOs + GFP mRNA targeted to one dorsal lateral blastomere
of a 16 cell embryo. Slug expression is lost on the injected side due to Dvl1 and Dvl2
morpholinos. (B-B″): Dvl1 and Dvl2 MOs eliminate expression of Twist. (C-C′): Graphs of
combined morpholino data for Slug in situ hybridizations. Data shown are percent of
embryos showing normal or abnormal expression of Slug or Twist. Uninjected Control
N=16; Dvl-1MO 72ng N=26; Dvl-2MO 72ng N=10; Dvl-3MO 72ng N=12; Dvl-1MO +
Dvl-2MNO 36ng each N=15; Dvl-1MMMO 72ng N=13; Dvl-1MO + Dvl-1MMMO 36ng
each N=25; Dvl-2MO + Dvl-1MMMO 36 ng each N=11. (D and D′): Graphs of combined
data for Twist in situ hybridizations. Uninjected Control N=36; Dvl-1MO 72ng N=84;
Dvl-2MO 72ng N=28; Dvl-3MO 72ng N=20; Dvl-1MO + Dvl-2MNO 36ng each N=31;
Dvl-1MMMO 72ng N=54; Dvl-1MO + Dvl-1MMMO 36ng each N=18; Dvl-2MO +
Dvl-1MMMO 36 ng each N=24.
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Figure 6. Divergent, gene-specific somite defects in Dvl morphants
Lateral confocal projections displaying somite morphology of Dvl morphants with a muscle
specific mouse anti-12/101 antibody (green) and the somite boundaries with a mouse anti-
fibronectin antibody (red). (A): Normal morphology of the medial flank of a stage 29/30
embryo (B): Normal fibronectin deposition in somite boundaries stage 29/30 embryo. (C):
Dvl1 morphant stage 29/30 embryo displaying segmentation defect (white arrow) (D): Dvl1
morphant stage 29/30 embryo displays defects in the deposition of fibronectin (red) while
“chevron” shape is conserved. (E): Dvl3 morphant stage 29/30 embryo displaying un-
“chevroned” somites and multiple cells are disrespecting the established somite boundaries.
(F): Dvl3 morphant stage 29/30 embryo displaying normal deposition of fibronectin between
un-“chevroned” boundaries. Somite defects were observed in 50-90% of morphants,
depending upon the experiment.
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Figure 7. Knockdown of distinct Dishevelled genes generates distinct somite phenotypes
(A): In situ hybridization to MyoD at control stage 29/30. (B): Injection of Dvl1+2MO
cocktail yields shorter embryos that exhibit a disruption of the normal MyoD pattern. (C):
Dvl3 morphants are normal in length, but embryos exhibit diminished anterior MyoD
expression. (D): St. 32, normal MyoD (purple) in situ hybridization and (D′) 12/101 (green)
antibody staining. (E): In Dvl3 morphants, MyoD expression is reduced anteriorly but
12/101 (E′) is maintained. 12/101 staining is increased at the somite boundaries (red arrows).
(F): Normal Myf5 expression (purple) within somites and along both epaxial and hypaxial
somite edges and (F′) normal 12/101 staining. (G): Myf5 staining of the hypaxial and
epaxial somite edges appear unaffected in Dvl3 morphants, but expression is lost within the
somites, though 12/101 is maintained (G′). (H): Control stage 13 in situ hybridization for
MyoD. (I): Sibling stage 13 Dvl3 morphant embryo in situ hybridized to MyoD (purple). (J,
L): Normal expression patterns of bHLH myogenic transcription factors; MyoD and Myf5 at
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stage 22. (K, M): Reduced anterior expression of assayed myogenic markers in Dvl3
morphants at stage 22.
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Figure 8. Knockdown of Dvl3 in presomitic mesodermal tissues disrupts normal expression of
both paraxis and Pax-1 genes
(A-B): single stage 29/30 tailbud stage embryo. (A): Control uninjected side displays normal
paraxis expression in the posterior presomitic mesoderm and within individual somites. (a′)
A magnified image of posterior half of the (A) side of the embryo. (B): morpholino injected
side displays a loss of paraxis expression within individual somites as well as diminished
expression in the unsegmented mesoderm. (b′) A magnified image of the posterior half of
the (B) side of the embryo. (C): Normal expression of Pax-1 in a wild type stage 37 embryo
in the branchial arches and perinotochordal region. (D): Dvl3 morphants lack any
appreciable Pax-1 staining surrounding the notochord (targeted by injection) while the
brachial arches (not targeted by injection) retain Pax-1 expression. Red arrows point to
paraxis expression within individual somites. Red bracket highlights defects in both
expression and patterning of paraxis transcript expression.
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Table 1
Complementary base-pairing of Dvl genes to MO used in this study

Number indicates the number of mismatched base-pairs for each MO and each gene. Green values indicate
that the MO should effectively target the gene. Red values indicate 4- or 5- Bp mismatches between a given
MO and a given Dvl gene mRNA sequence. These can serve as controls of MO specificity. (Note: For Dvl2
and Dvl3, our the sequences targeted by the MOs are perfectly conserved for both alloalleles, as identified
from EST data; for Dvl1, only a single EST exists.)

Gene → Dvl1 Dvl2 Dvl3

Morpholinos:

Dvl1 0 5 4

Dvl1 MM 5 7 9

Dvl2 9 0 9

Dvl3 4 5 0

Dvl3B 12 11 0

Dvl3 MM 9 7 5
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