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Abstract
Pericellular proteolysis by ADAM family metalloproteinases has been widely implicated in cell
signaling and development. We recently found that Xenopus ADAM13, an ADAM
metalloproteinase, is required for activation of canonical Wnt signaling during cranial neural crest
(CNC) induction by regulating a novel crosstalk between Wnt and ephrin B (EfnB) signaling
pathways (Wei et al., 2010b). In the present study we show that the metalloproteinase activity of
ADAM13 also plays important roles in eye development in X. tropicalis. Knockdown of
ADAM13 results in reduced expression of eye field markers pax6 and rx1, as well as that of the
pan-neural marker sox2. Activation of canonical Wnt signaling or inhibition of forward EfnB
signaling rescues the eye defects caused by loss of ADAM13, suggesting that ADAM13 functions
through regulation of the EfnB-Wnt pathway interaction. Downstream of Wnt, the head inducer
Cerberus was identified as an effector that mediates ADAM13 function in early eye field
formation. Furthermore, ectopic expression of the Wnt target gene snail2 restores cerberus
expression and rescues the eye defects caused by ADAM13 knockdown. Together these data
suggest an important role of ADAM13-regulated Wnt activity in eye development in Xenopus.
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Introduction
Members of the ADAM (A Disintegrin And Metalloproteinase Domain) family are type I
transmembrane proteins with an extracellular metalloproteinase domain, a disintegrin
domain and a cysteine-rich domain. More than half of the known ADAMs contain a
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conserved zinc-binding motif in the metalloproteinase domain, which is required for
protease activity (Edwards et al., 2008; White et al., 2005). These proteolytically active
ADAMs, together with other related proteases such as members of the ADAMTS
(disintegrin metalloproteinase with thrombospondin type I motifs) and MMP (matrix
metalloproteinase) families, form a superfamily of secreted and cell-surface
metalloproteinases that regulates turnover of the extracellular matrix, cell-cell and cell-
matrix interactions, and cell signaling. Dysregulated metalloproteinase activities often lead
to developmental defects and other diseases (Gomis-Ruth, 2009).

Several proteolytically active ADAMs are known to have important roles in cell signaling,
mainly through ectodomain cleavage (“shedding”) of cell-surface protein substrates. A
growing list of substrates has been identified for ADAMs, among which are some key
signaling molecules, including receptors and/or ligands of the Notch, EGFR, TNF and Efn
signaling pathways (Edwards et al., 2008; White et al., 2005). Ectodomain shedding by
ADAMs may have different outcomes for signaling, depending on the cellular and
developmental context. For example, cleavage of receptors or ligands has been proposed to
be an efficient way to eliminate a functional signaling molecule and, thereby, terminate a
signal (Paland et al., 2008; Sapir et al., 2005; Sun et al., 2008). On the other hand, cleavage
may also be required to generate a functional fragment of a signaling molecule and activate
a pathway. Such a fragment could be the soluble form of a membrane-bound ligand that can
signal over a long distance (Black et al., 1997; Blobel, 2005), or the cytoplasmic end of a
transmembrane receptor that is further cleaved by γ-secretase and subsequently translocated
to the nucleus to regulate target gene expression (Pan and Rubin, 1997; Sardi et al., 2006).
For these reasons, several ADAM metalloproteinases have been shown to be indispensable
for embryogenesis in mouse and other model animals (Hartmann et al., 2002; Peschon et al.,
1998; Rooke et al., 1996).

The diploid amphibian species Xenopus tropicalis has emerged as a new and powerful
model system to study early vertebrate development (Hellsten et al., 2010). With the aid of
bioinformatics tools, we have identified more than a dozen ADAM genes in the X. tropicalis
genome (Wei et al., 2010a). Loss-of-function studies suggest that ADAM13, one of the
proteolytically active ADAMs, is essential for early CNC induction in X. tropicalis. We
further found that ADAM13 cleaves Efns B1 and B2, two class B Efns, and that such
cleavage alleviates the inhibition of canonical Wnt signaling by these Efns and allows
proper induction of CNC (Wei et al., 2010b). Given the co-existence of class B Efns and
Wnt components in multiple tissues and the involvement of canonical Wnt signaling in
many developmental events, it would be interesting to examine if this ADAM13-EfnB-Wnt
cascade also functions in the morphogenesis of other tissues.

Here we show that ADAM13 metalloproteinase activity is required for normal eye
development and early eye field formation in X. tropicalis. Rescue experiments suggest that
ADAM13 functions in this developmental event by regulating EfnB and Wnt signaling. We
further identified snail2 and cerberus, two genes that are known to be controlled by the
canonical Wnt pathway, as potential downstream effectors that contribute to eye field
formation. These data provide new insight into the mechanisms of action for ADAMs and
Wnt signaling in vertebrate eye development.

Materials and Methods
Embryo manipulation and injection

Wild-type X. tropicalis adults were purchased from NASCO, and the γ1-crys/GFP3
transgenic line was generated in a previous study (Offield et al., 2000). Embryos were
obtained by in vitro fertilization or natural mating, and injected as described (Ogino et al.,

Wei et al. Page 2

Dev Biol. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2006). Red dextran was co-injected as a lineage tracer. Morpholino (MO) oligos were
designed and synthesized by Gene Tools, as described previously (Wei et al., 2010b). The
sequences for MOs 13-1 and 13-3 are 5′-TGTGCAGCCAACCCTCCGTCCCCAT-3′and 5′-
CCCCGGCTCAGTCCGCTCTCAGCC-3′, respectively. Embryos were cultured in 0.1×
MBS to desired stages, and in situ hybridization and phenotype scoring were carried out as
described below.

DNA constructs and in vitro transcription
The expression construct for dominant-negative X. laevis EphB1 receptor (pCS107-
ephB1ΔC) was kindly provided by Dr. Ira Daar, and constructs encoding full-length and
mutant forms (ΔDix and ΔDep) of Xdsh were provided by Dr. Mungo Marsden. X.
tropicalis cDNA clones for snail2 (in pCS107; clone ID: Ttba075D05; from Geneservice)
and cerberus (in pCS108; clone ID: 7579004; from OpenBiosystems) were identified by
bioinformatics and used directly for expression (sequences of all clones were confirmed by
DNA sequencing). Cloning of X. tropicalis adam13 has been described previously (Wei et
al., 2010a). The coding sequence for ADAM13 was then subcloned into a pCS2+ expression
vector modified to append a C-terminal myc6-tag. To generate rescue constructs, site-
directed mutagenesis was carried out using a QuickChange mutagenesis kit (Stratagene).
Sense mutations were introduced by using the primers 5′-
TATGCGGCCACATGGGCACCGAAGGCTGGTTACATACATGGCTGG-3′ (forward)
and 5′-CCAGCCATGTATGTAACCAGCCTTCGGTGCCCATGTGGCCGCATA-3′
(reverse). The protease-inactive E340A mutation was introduced by using the primers 5′-
GCTGCTGCAACAATGGCCCATGCAATTGGACACAAT-3′ (forward) and 5′-
ATTGTGTCCAATTGCATGGGCCATTGTTGCAGCAGC-3′ (reverse). Capped mRNA
with poly(A) tail was generated by in vitro transcription as described in Sive et al. (Sive et
al., 2000).

In situ hybridization
Clones of X. tropicalis pax6 and rx1, as well as X. laevis sox2, chordin and xbra, were used
to produce digoxigenin-UTP labeled antisense RNA probes. To generate cerberus probe, the
coding sequence of X. tropicalis cerberus gene was amplified by PCR using the Sp6
promoter primer and a reverse primer that introduced a NotI site (5′-
ATATGCGGCCGCTTTAATTGTGCAGGGTGG-3′). The PCR product was digested with
SalI and NotI, and subcloned into pCS108. Antisense RNA probes were generated by in
vitro transcription using T3 RNA polymerase (Promega). Whole-mount in situ hybridization
was carried out as described (Sive et al., 2000).

Cell fate analyses
Embryos were injected with different MOs and red dextran as a lineage tracer and cultured
to stage 37/38. Whole and sectioned embryos were analyzed for the presence of red
fluorescence in the eye field as described (Lee et al., 2006; Moody, 1987).

Phenotype scoring and statistics
Embryos were cultured to stage ~35 and scored for defects in eye morphology (see Fig. 1A
for examples of phenotypes). Cartilage phenotypes of the same embryos as those shown in
Fig. 1A, 2B, 3B and 4B have been reported elsewhere (Wei et al., 2010b). The percentage of
normal, moderate and severe phenotypes was calculated for each experiment, and averaged
for multiple independent experiments. For statistics, the percentage of normal embryos in
each experiment was used for comparison, and Student’s t tests were performed for a series
of independent experiments.
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Results
Knockdown of ADAM13 in X. tropicalis leads to defects in eye morphology

Two antisense MOs (MOs 13-1 and 13-3) with no overlap between their target sequences, as
designed in earlier studies (Wei et al., 2010b), were used to block ADAM13 translation.
Western blot analyses demonstrated that both MOs effectively knock down endogenous
ADAM13 protein, as well as translation of exogenous ADAM13 expressed by a co-injected
transcript that contains the MO binding sites (Wei et al., 2010b). When either MO 13-1 or
13-3 was injected into a dorsal-animal blastomere of 8-cell stage embryos, we observed
defects in eye morphology with high penetrance at tadpole stages (Fig. 1A), in addition to
the aberrant head cartilage structures reported previously (Wei et al., 2010b). More than
90% of such morphants developed abnormal eye phenotypes on the injected side, ranging
from reduced eye pigment (moderate) to little or no visible eye structure (severe). Both 13-1
and 13-3 morphants displayed the same eye phenotypes with no significant difference in
penetrance (Fig. 1A). The uninjected side (not shown), as well as embryos injected with the
same dose of the standard control MO, appeared to have normal eye morphology (Fig. 1A),
indicating that the eye phenotypes were caused specifically by loss of ADAM13 function.

Function of ADAM13 in early eye field formation
In Xenopus, the presumptive eye tissue (eye field) is specified at the anterior neural plate as
early as stage 12.5, when the embryos are transitioning from gastrula to early neural plate
stages (Li et al., 1997). A number of eye field transcription factors (EFTFs) are expressed
before stage 15, with the homeobox genes pax6 and rx1 among the earliest to appear in the
forming eye field (Zuber et al., 2003). The expression domain of pax6 is slightly larger than
that of rx1 in the eye field, and also includes two lateral stripes (Casarosa et al., 1997;
Hirsch and Harris, 1997; Zuber et al., 2003; Figs. 1B and 1C). Injection of either MO 13-1
or 13-3 resulted in a significant decrease in pax6 and rx1 mRNA in the anterior neural plate
at stage 12.5, as shown by in situ hybridization (Figs. 1B and 1C), suggesting that early
formation of the eye field was perturbed. We also observed a dose-dependent reduction in
the transcript of the pan-neural marker sox2 caused by ADAM13 MO (Supplementary Fig.
1). Downregulation of pax6 and sox2 persisted in ADAM13 morphants at later stages (Fig.
1D and data not shown). By contrast, the control MO had virtually no effect on pax6, rx1 or
sox2 expression (Figs. 1B–1D and Supplementary Figs. 1A and 1B). To investigate if the
entire forebrain area is reduced, in situ hybridization was carried out for the forebrain/
midbrain marker otx2. In contrast to the highly penetrant reduction in EFTF expression
(Figs. 1B––1D), none of the ADAM13 morphants we examined displayed any apparent
reduction in otx2 expression; instead knockdown of ADAM13 caused a moderate posterior-
lateral expansion of the forebrain and a disruption of the forebrain/midbrain boundary, as
suggested by the altered expression pattern of otx2 (Supplementary Fig. 2). No apparent
change was observed for the expression pattern of either xbra or chordin upon ADAM13
knockdown (Supplementary Figs. 3 and 4), arguing against the possibility of the eye
phenotypes being a secondary effect resulting from aberrant mesoderm induction or
patterning.

To address whether lens induction was affected, we employed a transgenic line that drives
expression of the green fluorescent protein (GFP) under the control of the γ1-crystallin
promoter (Offield et al., 2000). MO 13-1 strongly suppressed GFP expression on the
injected side of the embryos, indicating that lens induction was also severely impaired (Fig.
1E). Together these results suggest an essential role for ADAM13 in early eye field
formation and eye/lens morphogenesis.
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Roles of the metalloproteinase activity of ADAM13 in Xenopus eye development
To test whether the eye phenotypes caused by ADAM13 MOs can be rescued by
exogenously expressed ADAM13, we generated expression constructs with sense mutations
in the coding sequences, so that they cannot be targeted by MO 13-1 (Wei et al., 2010b).
Two such rescue constructs were used in this study, one encoding wild-type ADAM13 and
the other carrying an E to A mutation in the consensus zinc-binding motif in the
metalloproteinase domain. In a series of in vitro shedding assays described previously, we
found that both Efns B1 and B2 are cleaved by wild-type ADAM13 but not the E/A mutant
in HEK293T cells (Wei et al., 2010b), indicating that the latter is proteolytically inactive.
When co-injected with MO 13-1, the transcript encoding wild-type ADAM13 partially
reversed the decrease in pax6 expression at stage ~12.5, as well as the defects in eye
morphology at later stages. In contrast, the E/A mutant transcript failed to rescue (Figs. 2A
and 2B). Thus we conclude that ADAM13 metalloproteinase activity is required for eye
development in X. tropicalis.

ADAM13 functions in eye development by regulating EfnB and Wnt signaling
We showed previously that ADAM13 activates canonical Wnt signaling during CNC
induction by cleaving class B Efns. Upon ADAM13 knockdown, intact Efns B1 and B2
accumulate in X. tropicalis embryos and antagonize Wnt activity (Wei et al., 2010b).
Transcripts of adam13, efnB1 and efnB2 were detected in dorsal mesoderm during
gastrulation (Supplementary Figs. 5A–5C; Wei et al., 2010b), and in an area of anterior
neural plate corresponding to the eye field during early neurulation (Supplementary Figs.
5F–5H). Similar patterns of adam13 and efnB1 have been reported previously for X. laevis
(Alfandari et al., 1997; Lee et al., 2006). We therefore ask whether accumulation of EfnBs
upon ADAM13 knockdown can also lead to the deficiencies in eye development as seen in
Fig. 1. If this were the case, downregulating EfnB signaling in developing Xenopus embryos
should rescue the eye phenotypes caused by ADAM13 MOs. To test this hypothesis, we
used a dominant-negative EphB1 receptor construct that blocks forward and receptor-
independent EfnB signaling (EphB1ΔC) (Durbin et al., 1998; Lee et al., 2009). As shown in
Figs. 3A and 3B, co-injection of EphB1ΔC transcript in X. tropicalis embryos rescued the
defects in both early pax6 expression and later eye morphology caused by MO 13-1,
suggesting that EfnB signaling mediates ADAM13 function in eye development.

The Xenopus dishevelled protein Xdsh plays important roles in two different Wnt signaling
pathways, with the Dix and the Dep domains of Xdsh mediating canonical β-catenin
dependent Wnt signaling and non-canonical PCP signaling, respectively (Boutros and
Mlodzik, 1999; Park et al., 2005; Sokol et al., 1995). To investigate the possible
involvement of Wnt signaling pathways in ADAM13-mediated eye development, we used
transcripts encoding wild-type as well as two mutant forms of Xdsh, one with the Dix
domain deleted (ΔDix) and the other with the Dep domain deleted (ΔDep; Wei et al.,
2010b). As shown in Figs. 3A and 3B, ectopic expression of full-length Xdsh partially
rescued pax6 expression and eye phenotypes caused by MO 13-1. Between the two Xdsh
mutants, XdshΔDep rescued the effects caused by ADAM13 knockdown with an activity
comparable to that of the full-length Xdsh, whereas XdshΔDix was unable to exert a
significant rescue (Figs. 3A and 3B). The requirement of Dix domain for the rescue points to
canonical Wnt signaling as the downstream target in this developmental event. This is
further supported by a partial rescue of the eye defects in ADAM13 morphants by
exogenous β-catenin (Supplementary Figs. 6A and 6B). Because it has been shown that
EfnB1-mediated PCP signaling is required for the migration of retinal progenitor cells into
the eye field (Lee et al., 2006), we also tested if the reduced eye field in ADAM13
morphants was due to failure of retinal progenitor cell migration. To do this we injected MO
13-3 with a fluorescent lineage tracer into the D1.1 blastomere of 16-cell stage embryos,
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which is a major contributor (>60%) to the retinal progeny (Huang and Moody, 1993;
Moody, 1987). As shown in Supplementary Figs. 7A–7D, knockdown of ADAM13 in the
D1.1 lineage resulted in loss of eye structures in most embryos injected (similar to what was
seen when targeting a dorsal-animal blastomere of 8-cell stage embryos, Fig. 1A), but did
not prevent the population of the retina by fluorescent cells. Therefore, the migration of the
retinal progenitor cells and thus PCP signaling are likely not compromised. Taken together,
these data indicate that ADAM13 functions in Xenopus eye development by regulating the
EfnB-canonical Wnt signaling cascade.

Snail2 and Cerberus are downstream effectors of ADAM13 in eye development
The neural crest marker snail2 is a direct target of canonical Wnt signaling (Vallin et al.,
2001), and we found previously that snail2 expression is downregulated by ADAM13 MO
as early as gastrula stages (Wei et al., 2010b). Moreover, exogenous Snail2 rescues the
deficiencies in CNC induction and head cartilage morphology caused by ADAM13
knockdown (Wei et al., 2010b). Surprisingly, we also observed a significant rescue of the
eye phenotypes by Snail2 in ADAM13 morphants (Fig. 4B). In situ hybridization confirmed
that pax6 expression at early stages was also rescued (Fig. 4A), suggesting a possible
involvement of Snail2 in ADAM13-regulated eye development.

It has been reported that both snail2 and the head inducer cerberus are expressed in dorsal
mesoendoderm of gastrula stage X. laevis embryos, and that ectopic expression of a
dominant-negative form of Snail2 inhibits cerberus expression and head induction (Mayor et
al., 2000). In X. tropicalis gastrulae we observed similar expression patterns for snail2 and
cerberus, which overlap with those of adam13, efnB1 and efnB2 (Supplementary Figs. 5A–
5E). We therefore asked whether Snail2 functions by regulating cerberus transcription
during eye development. As seen in Figs. 5A–5D, embryos injected with MO 13-1 had less
cerberus expression than siblings injected with the control MO. Downregulation of cerberus
mRNA was also apparent in 13-3 morphants (data not shown). Co-injection of a transcript
encoding Snail2 was able to rescue cerberus expression in ADAM13 morphants (Figs. 5E
and 5F). These results are consistent with our hypothesis that Snail2 acts upstream of
Cerberus in a signaling cascade that is controlled by ADAM13.

Cerberus was originally identified as a secreted protein that can induce a secondary head
with eyes (Bouwmeester et al., 1996). Previous studies showed a robust activity of Cerberus
in inducing the EFTF gene rx1 in animal cap assays (Lupo et al., 2002), prompting us to
investigate if the early defects in eye field induction in ADAM13 morphants could be
reversed by exogenous Cerberus. Indeed, co-injection of cerberus mRNA rescued pax6
expression as well as the eye morphology defects caused by MO 13-1 (Figs. 6A and 6B),
supporting a role of Cerberus as a downstream effector in mediating ADAM13-regulated
eye development.

Discussion
Our data suggest a previously unknown function of ADAM13 in Xenopus eye development,
and a mechanism of action for ADAM13 in early eye field formation. We have proposed
that ADAM13 activates canonical Wnt signaling by cleaving the Wnt antagonists Efns B1
and B2 (Wei et al., 2010b). In this study we found that ADAM13-regulated Wnt activity
upregulates the level of cerberus mRNA, likely by inducing the expression of snail2. The
activity of Cerberus in turn induces EFTF genes such as rx1 and pax6, leading to formation
of the early eye field.
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Regulation of Efn and Wnt signaling by ADAM13 in Xenopus eye development
The eye phenotypes we observed here with ADAM13 knockdown are similar to those
reported by Lee et al. with EfnB1 or Xdsh knockdown (Lee et al., 2006). However, instead
of a loss of EfnB1 in the experiments shown by Lee et al., which causes impaired PCP
signaling and retinal progenitor cells migration, we found that the endogenous and
exogenous EfnB1 and/or B2 accumulate in ADAM13 morphants (Wei et al., 2010b).
Furthermore, results of our lineage tracing experiments also indicate a normal migration of
retinal progenitor cells into the eye field and hence, a likely intact PCP signaling pathway
upon ADAM13 knockdown (Supplementary Fig. 7). Finally, we were able to rescue the eye
phenotypes in ADAM13 morphants by restoring the canonical Wnt pathway (or the
expression of known canonical Wnt targets Snail2 or Cerberus) but not the PCP pathway
(Figs. 3, 4 and 6; Supplementary Fig. 6). These data suggest that similar to the CNC
induction defects that we described earlier (Wei et al., 2010b), the eye phenotypes displayed
by ADAM13 morphants are also caused by reduced canonical Wnt activity.

We have reported previously that knockdown of ADAM13 “protects” endogenous EfnB1/
B2, and that higher levels of class B Efns can antagonize canonical Wnt signaling, leading to
an inhibition of CNC induction (Wei et al., 2010b). Here we show that downregulation of
the EfnB signaling by overexpressing a dominant-negative EphB1 receptor partially rescues
the eye phenotypes caused by ADAM13 MO (Figs. 3A and 3B). Therefore, cleavage of
EfnBs by ADAM13 is important for Wnt activation during both CNC induction and eye
field formation. However, our data do not rule out a potential contribution of other
ADAM13-mediated events to the activation of canonical Wnt signaling. The mammalian
ADAM10 is known to process N- and E-cadherins, resulting in the redistribution of β-
catenin (which can be “tethered” to the plasma membrane through interaction with these
cadherins) and enhanced expression of Wnt target genes (Maretzky et al., 2005; Reiss et al.,
2005). In our in vitro cleavages assays, we did not detect any processing of N- or E-cadherin
by ADAM13 (data not shown). Studies with X. laevis have shown that another cadherin,
cadherin-11, can be cleaved by ADAM13 in vivo, but such cleavage seems to have no effect
on canonical Wnt signaling (McCusker et al., 2009).

The canonical Wnt pathway, acting through maternally encoded β-catenin, is required for
induction of dorsal structures very early during embryogenesis (Heasman et al., 1994).
However, most of the dorsal structures, including the somites, appeared normal in our
ADAM13 morphants (Figs. 1D and 1E), arguing against an early effect on dorsal-ventral
patterning by ADAM13. Zygotic expression of β-catenin begins at the midblastula stage
(Wylie et al., 1996), and is necessary and sufficient for posteriorizing neural tissues in the
developing neural plate (Kiecker and Niehrs, 2001). Although it is generally thought that
eye and forebrain development requires inhibition of the Wnt/β-catenin pathway, it has also
been proposed that a low level of canonical Wnt signaling is necessary for this process
(Esteve and Bovolenta, 2006; Fuhrmann, 2008). Many components of the canonical Wnt
pathway are expressed in the Xenopus forebrain, and knockdown of Pygopus, a nuclear co-
activator of Wnt/β-catenin signaling, has been shown to inhibit rx1 and pax6 expression
(Lake and Kao, 2003). Moreover, Heasman et al. demonstrated an essential role for β-
catenin in head induction in X. laevis, which is independent of its function in dorsal-ventral
patterning (Heasman et al., 2000). We have observed a similar effect in X. tropicalis by
using an MO targeting β-catenin (data not shown). Together these results suggest that
canonical Wnt signaling may have an important role in eye development.

Cerberus and Snail2 are Wnt effectors in eye field formation
The organizer gene cerberus is known to be regulated by canonical Wnt signaling in both X.
laevis and X. tropicalis (Heasman et al., 2000; Wills et al., 2008). Whether this regulation is
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direct or indirect remains a question. Because nuclear localization of β-catenin on the dorsal
side of early cleavage stage embryos is critical for establishing the Spemann organizer, the
decrease in cerberus expression in ADAM13 morphants (Fig. 5) could be caused by early
deficiencies in organizer formation. However, the expression level of chordin, another
organizer gene, remains largely intact in ADAM13 morphants (Supplementary Fig. 4),
suggesting that the effect of ADAM13 MO on cerberus expression is gene-specific instead
of part of a general defect in organizer induction. In fact our data support a positive
regulation of cerberus by the Wnt target gene snail2 (Fig. 5). In gastrula stage Xenopus
embryos, snail2 is expressed in dorsal mesoendoderm overlapping with cerberus
(Supplementary Figs. 5D and 5E; Mayor et al., 2000). This spatiotemporal expression
pattern of snail2 was proposed to be important for its function in inducing head structures,
probably through inhibition of BMP signaling (Mayor et al., 2000). Previous reports on the
interaction between snail2 and cerberus genes in X. laevis are, nevertheless, controversial.
While Snail2 has been shown to induce cerberus expression (Mayor et al., 2000), a recent
study suggests that it may have a negative effect on cerberus mRNA levels (Zhang and
Klymkowsky, 2009). Although our results (Fig. 5) are more consistent with the former
study, we cannot rule out the possibility that Snail2 rescues cerberus expression and/or eye
development by mimicking the activity of another protein, such as the closely related
transcription factor Snail, or Bcl-xL or Twist (Zhang et al., 2006; Zhang and Klymkowsky,
2009). However, our data do suggest that a Snail2-like activity is involved in upregulating
cerberus expression during Xenopus eye field formation.

Effects of ADAM13 on forebrain and neural development
In Xenopus, the eye field is established by the EFTF genes and the forebrain/hindbrain
marker otx2 (Esteve and Bovolenta, 2006; Zuber et al., 2003). Because the eye is a forebrain
structure, and otx2 has been reported to induce EFTF expression (Zuber et al., 2003), the
reduced eye field caused by ADAM13 MO could be associated with a diminished forebrain
territory. Instead we found a moderate posterior-lateral expansion of the forebrain
expression domain of otx2 upon ADAM13 knockdown (Supplementary Fig. 2), which
resembles the phenotype caused by inactivation of canonical Wnt signaling (Wu et al.,
2005). Therefore the effect of ADAM13 MO on eye development appears to be independent
of its effect on the overall size of the forebrain. We also observed a decrease in the transcript
of sox2, a pan-neural marker, in neural plate stage embryos (Supplementary Fig. 1). Because
sox2 does not seem to affect early EFTF expression and that sox2 transcription can be
induced by canonical Wnt (Van Raay et al., 2005), it is likely that the downregulated sox2
expression is caused separately by Wnt inactivation. However, the reduced sox2 expression
suggests a more general effect of ADAM13 knockdown on neural development, and we
cannot rule out the possibility that all or part of the eye phenotypes displayed by ADAM13
morphants are secondary to this general defect in early neural development.

Functions of the mammalian homologues of ADAM13 in embryonic development
We have shown that ADAM13 is required for both CNC and eye development in X.
tropicalis (Wei et al., 2010b and this study). A further question is whether these mechanisms
are conserved during vertebrate evolution. In mammals, ADAMs 12, 19 and 33 form a
subfamily, and our phylogenetic and syntenic analyses suggest that mammalian ADAM33 is
the orthologue of frog ADAM13 (Wei et al., 2010a). However, mammalian ADAMs 19 and
33 have nearly equal similarity to Xenopus ADAM13 in protein sequence, raising the
possibility that functions of ADAM13 could be shared between ADAMs 19 and 33 in
mammals. While knockout of ADAM33 does not appear to affect growth or development in
the mouse (Chen et al., 2006), ADAM19-null mice show deficiencies in cardiac neural crest
differentiation and heart morphogenesis (Komatsu et al., 2007; Zhou et al., 2004). For the
reasons mentioned above, it would be interesting to generate mice lacking both ADAMs 13
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and 19 and examine if there is any redundancy in function between these two ADAMs. We
also cannot rule out the possibility that the functions of Xenopus ADAM13 may be carried
out by additional proteases (such as ADAM12) in mammals. Alternatively, mammals may
use a different mechanism to control head (including eye and CNC) development. For
example, our results suggest that ADAM13 functions through Snail2, and there seems to be
a lack of conservation in Snail2 function between frogs and mammals (Murray and Gridley,
2006).

Conclusions
In summary, the results presented here provide another example of ADAM13-regulated Wnt
activity in early vertebrate development. By activating the canonical Wnt signaling pathway,
ADAM13 induces the expression of snail2 and cerberus, which leads to formation of the
early eye field in Xenopus. It is likely that similar mechanisms, although possibly carried out
by different protease(s), may apply to similar developmental events in a wide range of
species, including mammals.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• ADAM13 metalloproteinase activity plays important roles in early eye field
formation and normal eye morphogenesis in Xenopus

• ADAM13 controls eye development through regulating EfnB and Wnt signaling

• snail2 and cerberus are downstream of Wnt to mediate ADAM13 function in
eye development
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Fig. 1.
Knockdown of ADAM13 affects eye development in Xenopus. Eight-cell stage embryos
were injected in one dorsal-animal blastomere with the indicated MO (1.5 ng), and cultured
to desired stages. (A) Embryos were scored at stage ~35 for eye defects. One example of
each phenotype is shown in the upper panels, and results of multiple experiments are
graphed in the lower panels. **, p < 0.001 for comparison between control (CT) and 13-1
morphants, and p = 0.002 for comparison between CT and 13-3 morphants; NS, not
significant (p = 0.91). (B and C) Embryos were cultured to stage ~12.5, and in situ
hybridization was carried out for pax6 (B) or rx1 (C). The injected side is denoted with a red
asterisk. e, eye field; l, lateral stripes. (D and E) Wild-type (D) or γ1-crys/GFP3 transgenic
(E) embryos were injected with MO CT (upper panels) or 13-1 (lower panels). Embryos
were cultured to stage 21–24 and processed for in situ hybridization for pax6 (D), or to stage
~45 (E). Representative embryos were photographed on both the uninjected (left panels) and
injected (right panels) sides. Images taken in red (for co-injected red dextran) and green (for
GFP) channels and bright field were merged in E. Note the lack of eye structures and GFP
expression on the injected side of the 13-1 morphant. N = number of independent
experiments; n = number of embryos scored (same below).
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Fig. 2.
ADAM13 metalloproteinase activity is required for eye field formation and eye
morphology. One dorsal-animal blastomere of 8-cell stage embryos was injected with the
indicated MO (1.5 ng) and, as indicated, rescue mRNA encoding wild-type or the E/A
mutant of ADAM13 (25 pg). (A) Embryos were allowed to develop to stage ~12.5 and then
processed by in situ hybridization for pax6. A representative embryo of each injection is
shown in the upper panels (the injected side is denoted with a red asterisk), and combined
results summarized in graphs. (B) Embryos were scored for eye phenotype at stage ~35. **,
p < 0.001; NS, not significant (p = 0.28). See Fig. 1A and Materials and Methods for
phenotype scoring.

Wei et al. Page 14

Dev Biol. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Effects of ADAM13 MO on eye development can be rescued by blocking EfnB signaling or
by restoring canonical Wnt signaling. One dorsal-animal blastomere of 8-cell stage embryos
was injected with the indicated MO (1.5 ng) and, as indicated, with 100 pg mRNA encoding
EphB1ΔC, or full-length (FL) or deleted forms of Xdsh. (A) Embryos were cultured to stage
~12.5 and then processed by in situ hybridization for pax6. The injected side is denoted with
a red asterisk. (B) Embryos were scored for eye phenotype at stage ~35. **, p < 0.001 in
each case; NS, not significant (p = 0.17). See Fig. 1A and Materials and Methods for
phenotype scoring.
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Fig. 4.
Snail2 rescues the eye phenotypes caused by ADAM13 MO. One dorsal-animal blastomere
of 8-cell stage embryos was injected with the indicated MO (1.5 ng) together with or
without Snail2 transcript (200 pg). Embryos were processed for in situ hybridization for
pax6 at stage ~12.5 (A), or scored for eye defects at stage ~35 (B). The injected side is
denoted with a red asterisk. See Fig. 1A and Materials and Methods for phenotype scoring.
**, p = 0.008.
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Fig. 5.
ADAM13 controls cerberus expression through Snail2. One-cell stage embryos were
injected with 12 ng of MO CT (A and B) or 13-1 (C and D), or MO 13-1 with 1 ng mRNA
encoding Snail2 (E and F), and cultured to stage ~11. In situ hybridization was carried out
for cerberus, and embryos were cleared with 2:1 benzyl benzoate/benzyl alcohol before
photographed. One representative embryo of each injected group is shown in animal pole
view (with dorsal at the top) in the left panels, and all embryos of each injected group are
shown in the right panels.
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Fig. 6.
The effects of ADAM13 knockdown on pax6 expression and eye morphology can be
rescued by Cerberus. One dorsal-animal blastomere of 8-cell stage embryos was injected
with the indicated MO (1.5 ng) with or without an mRNA encoding Cerberus (50 pg).
Embryos were allowed to develop and then processed by in situ hybridization for pax6
(stage ~12.5; A), or scored for eye phenotype (stage ~35; B). See Fig. 1A and Materials and
Methods for phenotype scoring. *, p = 0.02.
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