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The optic cup ablation experiments of Hans Spemann (Spemann, 1901) introduced the
concept of embryonic induction and established that presumptive retina provided signals
required for lens development. Since then, lens induction has been a favored subject for
developmental biologists wishing to understand the molecular mechanisms of inductive
signaling. Much has been learned about the genetic regulation of lens induction and Fig. 1
summarizes some of the advances. The transcription factor Pax6 is centrally involved. It is
both necessary (Ashery-Padan et al., 2000; Collinson et al., 2000) and sufficient (Altmann et
al., 1997; Chow et al., 1999) for lens development and is induced by the fibroblast growth
factor (FGF)(Faber et al., 2001; Gotoh et al., 2004) and bone morphogenetic protein 7
(BMP7) (Wawersik et al., 1999) signaling pathways that are required for early lens
formation. Meis and Six family transcription factors have also been implicated in lens
induction through their action at the Ectoderm Enhancer of the Pax6 gene (Zhang et al.,
2002; Liu et al., 2006). The Sry family transcription factor Sox2 is involved in lens
development (Kamachi et al., 2001; Kondoh et al., 2004) and has an essential, parallel
function to Pax6 at pre-placodal stages (Smith et al., 2009). Sox2 is up-regulated by BMP4,
the first signaling ligand to be implicated in lens induction (Furuta and Hogan, 1998). In a
recent analysis, the Grainger group has provided evidence that the broadly expressed
transcription factor Otx2 cooperates with the locally expressed Notch pathway
transcriptional regulator suppressor of hairless (Su(H)) to up-regulate expression of FoxE3
and define lens placode ectoderm (Ogino et al., 2008). Since Su(H) is dependent on the
Notch pathway ligand Delta2 that is expressed in the optic vesicle, this is an example of the
type of lens induction signaling that would be anticipated from classical studies.

In the case of the BMP and Notch signaling pathways, there is evidence for the involvement
of particular ligand-receptor pairs in lens induction (Furuta and Hogan, 1998; Wawersik et
al., 1999; Ogino et al., 2008). By contrast, despite the extensive evidence for FGF signaling
involvement in lens and retinal induction, no essential ligands have thus far been
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documented. Expression of dominant-negative FGF receptors in the lens placode (Faber et
al., 2001) and analysis of mutants for the FGF receptor adaptor FRS2α (Gotoh et al., 2004)
both suggested that the FGF response in cells of the presumptive lens was required for
development to proceed. Explant studies in the chick have also implicated the FGF pathway
in reciprocal signaling (lens-to-retina)(Nguyen and Arnheiter, 2000) and this is consistent
with reduced phospho-ERK immunoreactivity in the presumptive retina of FRS2α mutant
mice (Gotoh et al., 2004). Later stages of lens development also require FGF signaling. Lens
fiber cell differentiation can also be suppressed with dominant-negative, or Ig-fusion FGF
receptors (Chow et al., 1995; Robinson et al., 1995a; Govindarajan and Overbeek, 2001).
Furthermore, fiber cell differentiation can be enhanced by FGF ligands either in culture or in
vivo (McAvoy and Chamberlain, 1989; Robinson et al., 1995b). Experiments performed in
the lens system have also demonstrated redundancy in the FGF signaling system. In a
genetic tour-de-force, the Robinson lab has conditionally deleted FGF receptors 1-3 from
lens fiber cells and shown that only when all six alleles are deleted do fiber cells fail to
differentiate (Zhao et al., 2008).

One possible explanation for the lack of evidence demonstrating an essential FGF ligand in
lens induction is functional redundancy. There are certainly multiple FGF ligands expressed
in the early eye. The surface ectoderm and presumptive lens express FGFs 1 and 2 (de Iongh
and McAvoy, 1993), FGF8 (Kurose et al., 2005) and FGF15 (designated FGF19 in humans
and in the chick)(Kurose et al., 2004; Kurose et al., 2005). Extensive expression studies by
the Dorey group has shown that FGF ligands 1, 3, 13, 14 and 20 are all associated with the
developing Xenopus tropicalis eye (Lea et al., 2009). This analysis also showed that FGFR3
is expressed in the lens, FGFR2 is found specifically in the outer epithelium of the eye and
that FGFRs 1, 3 and 4 are also found in areas around the lens (Lea et al., 2009).
Furthermore, different sub-domains of the developing mouse optic vesicle express FGF8,
FGF9 and FGF15 (McWhirter et al., 1997; Vogel-Hopker et al., 2000; Kurose et al., 2004;
Kurose et al., 2005).

Despite these expression patterns, there is still limited evidence for FGF ligand signaling in
lens induction. For example, a double germ-line mutant for FGF1 and FGF2 gives no eye
phenotype (Miller et al., 2000). Mutation of FGF9 similarly has no consequence for lens
development (Zhao et al., 2001). Data supporting FGF19 functionality in the lens of the
chick has shown that a soluble FGFR4 results in the induction of L-Maf (Kurose et al.,
2005). Since L-Maf is known to induce the lens markers Prox1 and δ-crystallin, this
suggests that inhibition of FGF19 (exclusively bound by FGFR4) is required for lens
development. Nevertheless, these experiments still have yet to help identify a ligand that has
a positive effect on lens induction. For example, the outcome of dominant-negative FGF
receptor expression (Faber et al., 2001) and FRS2α mutation (Gotoh et al., 2004) both effect
the expression of Pax6 and lens induction. Perhaps when the appropriate combination of
FGF ligands is mutated, a lens induction phenotype will result.

Besides the obvious possibility of ligand redundancy, there are two other explanations we
might consider to explain why, so far, no FGF family ligands have been identified as
essential for lens induction. One is that there might be previously unrecognized ligands for
the FGF receptors that function in this system. The recent discovery of Norrin, a non-Wnt
family ligand that activates the canonical Wnt pathway through the Wnt receptor Fzd4 (Xu
et al., 2004) and the discovery of IL34 as a new ligand for the CSF1 receptor cfms (Lin et
al., 2008) are both reminders that unanticipated ligand-receptor interactions will emerge
from time-to-time. A second explanation for the apparent lack of FGF ligands in the lens
induction system is that this function might be partly fulfilled by N-cadherin since it has
previously been recognized as an unconventional FGF receptor activating ligand (Trolice et
al., 1997; Utton et al., 2001; Suyama et al., 2002).
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The classical cadherins were originally identified as adhesion molecules (Hyafil et al.,
1981). Consistent with this function, they were subsequently shown to be critical for
morphogenesis during embryogenesis. Examples include a role in gastrulation movements in
Xenopus laevis (Lee and Gumbiner, 1995), muscle cell movements in zebrafish (Cortes et
al., 2003), epidermal morphogenesis in C. elegans (Pettitt et al., 2003) and tracheal tube
fusion in Drosophila (Lee et al., 2003). However, cadherins also have a signaling function
and like the integrin class of adhesion receptors (Hynes, 2002) are believed to mediate both
outside-in and inside-out signaling (Gumbiner, 2005). Increased serine-threonine
phosphorylation of cadherins or β-catenin can enhance adhesive strength (Lickert et al.,
2000; Bek and Kemler, 2002) in an example of inside-out signaling. Cadherin outside-in
signaling can be mediated, for example, by Rho family GTPases or Src (Yap and Kovacs,
2003; McLachlan et al., 2007). It has also been suggested that cadherins can act as
alternative ligands for FGF receptors (Suyama et al., 2002).

During development of the eye there is a dynamic pattern of cadherin expression. Several
cadherins are expressed when the optic vesicle and surface ectoderm come into close contact
and exchange inductive signals that contribute to lens and retina formation (Leong et al.,
2000; Xu et al., 2002; Pontoriero et al., 2009). Expression of N-cadherin in the presumptive
lens and retinal epithelia has raised the possibility that N-cadherin might mediate signal
exchange within the eye primordium. Recently it was shown that conditional deletion of N-
cadherin in the presumptive lens ectoderm of the mouse resulted in relatively mild defects in
lens morphogenesis (Pontoriero et al., 2009). By contrast, in mice with a germ-line mutation
of N-cadherin, embryos show a complete failure of lens development (Fig. 2). Such
embryos are difficult to produce due the early embryonic lethality of N-cadherin deficiency
and must carry a cadherin rescue transgene with heart expression (αMHC-Ecad, (Luo et al.,
2001)) if they are to progress to lens development stages. However, those embryos that
survive show a very distinctive phenotype.

When examined at E10.5, Ncadlacz/lacz; αMHC-Ecad embryos showed a range of
phenotypes. In the most extreme form, these embryos showed an arrest of eye development
equivalent to approximately E9.0 with a complete absence of lens development and a
general failure of eye morphogenesis (Fig. 2F-J). In the presumptive lens ectoderm, Pax6
expression was all but lost (Fig. 2H, inset) indicating that lens induction had failed. In
Ncadlacz/lacz; αMHC-Ecad embryos the optic vesicle could be identified through its
expression of Mitf and Pax6 (Fig. 2H, I). However, optic vesicle patterning was absent in
that Chx10 was not induced in central presumptive retina and Mitf was expressed
throughout (Fig. 2I, J). In the milder form of the Ncadlacz/lacz; αMHC-Ecad eye phenotype
(Fig. 2K-O) there is still a complete absence of lens (Fig. 2L) but there is an optic cup, albeit
mis-oriented, with appropriate Chx10 and Mitf distribution (Fig. 2K-O). This form of the
mutant is particularly interesting because the presence of an optic cup implies that induction
of retina has occurred and in turn, that the presumptive lens and retinal epithelia were
sufficiently close to permit signaling. Both these eye phenotypes suggest that N-cadherin has
an important role in lens development. Since embryos with an N-cadherin deletion in
surface ectoderm have only a mild lens development defect (Pontoriero et al., 2009), the
combined data suggest that optic vesicle expression of N-cadherin may be a domain critical
for lens development.

Though these data are provocative and suggest that N-cadherin might function as an
unconventional FGF receptor activating ligand, the difficulty of generating mutant embryos
and the systemic phenotype that these embryos display means that at present, we must be
cautious in this conclusion. Furthermore, it remains possible that while an N-cadherin-FGF
receptor interaction might contribute to lens induction signaling, this may still be enhanced
by conventional FGF ligands as has been described in other systems (Trolice et al., 1997).
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This might suggest that only with combinations of N-cadherin and FGF ligand mutants will
there be consequences for lens induction.
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Figure 1. A model for the genetic regulation of lens induction
The solid arrows represent pathway relationships that have been defined genetically by
molecular epistasis analysis or that have been implied through pathway up- or down-
regulation. For example, Prox1 expression is lost in mice with a placodal loss of Pax6 and
so Prox1 is placed downstream. The dashed arrows represent direct physical interactions
that have been defined by biochemical experiments. There are elements of speculation in
this model. For example, Bmp4 expression is lost in the optic vesicle of Frs2α2F/2F mutant,
but it is unclear whether this regulation occurs within the optic vesicle (the model shown) or
is a consequence of Frs2α-dependent signaling to the presumptive retina from the
presumptive lens. See the text for further explanation of these interactions. The word
“ligands?” placed between the boxes representing the presumptive lens and presumptive
retina is designed to indicate that so far, no conventional FGF ligands are known to be
critical for this inductive interaction. On the left side of the figure, the approximate
embryonic (E) stages at which these events occur are indicated.
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Figure 2. A failure of lens development in N-cadherin mutants
Micrographs show the eye region of E10.5 (A-J) or E12.5 (K-O) embryos of the indicated
genotypes labeled for the markers as color-coded above or on the panels. The absence of
lens development is apparent at E10.5 examples (F-J) and E12.5 (L, N, O). lv – lens vesicle,
pr – presumptive retina, prpe – presumptive retina pigmented epithelium, ple – presumptive
lens ectoderm, ov – optic vesicle, oc- optic cup.
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