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Abstract

Extracellular signaling “cross-talk” between tissues is an important requirement for development
of many organs yet the underlying mechanisms generally remain poorly understood. The anterior
segment of the eye, which is constructed from four embryonic lineages, provides a unique
opportunity to genetically dissect developmental processes such as signaling “cross-talk” without
fear of inducing lethality. In the current review, we summarize recent data showing that PITX2, a
homeodomain transcription factor, integrates retinoic acid and canonical Wnt/B-catenin signaling
during anterior segment development. Because the requirements for retinoic acid signaling,
canonical Wnt/B-catenin signaling, and PITX2 are not unique to the eye, this newly identified
pathway may have relevance elsewhere during development and in tissue homeostasis.
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Introduction

In 1901, Hans Spemann reported that the optic cup had the ability to cause overlying head
surface ectoderm to form a lens, the first step in development of the ocular anterior segment
(Spemann, 1901). Spemann termed this property “induction” and arguably launched the
modern era of experimental developmental biology. More than a century later, the anterior
segment of the eye remains an important model for investigating basic developmental
mechanisms. As with other organs, the mature anterior segment arises from multiple
embryonic primordia. Extensive inductive interactions and signaling “cross-talk” between
and within the distinct primordia are required for correct patterning and cell specification,
which requires cells to integrate multiple signaling inputs. A significant advantage of using
the eye as a model system is that it is not required for viability. Using appropriate genetic
techniques, one can test developmental processes in great molecular detail without fear of
inducing lethality. Advances in understanding basic developmental mechanisms gained
while studying the anterior segment are often highly relevant when subsequently applied to
the development of other organs or tissues that are required for viability.

All major signaling pathways have been implicated in various aspects of development
within the anterior segment and many transcription factors are essential for the process as
well. However, only recently has the identification of an initial cohesive pathway that
integrates cell signaling between tissues with transcriptional networks emerged from this
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multitude of factors. Work from several laboratories has now provided evidence linking
retinoic acid signaling from the optic cup, the homeodomain transcription factor PITX2
within neural crest and canonical Wnt/B-catenin signaling within the ocular surface
ectoderm. Pitx2 is a critical integration node that links the two signaling pathways. This
network is required during early eye development to establish the basic framework of
general patterning and initial differentiation on which future morphogenesis of the anterior
segment depends. How additional cell signaling pathways and transcription factors may
contribute to this pathway remains to be determined.

Overview of anterior segment morphogenesis

Major structures/tissues of the mature anterior segment include the lens, ciliary body, iris,
cornea, limbus, bulbar conjunctiva, and the eyelid, which is comprised of the palpebral
epidermis, palpebral conjunctiva, and eyelid mesenchyme (Fig. 1A). Four embryonic tissues
contribute the cellular building blocks for anterior segment structures: neural ectoderm,
surface ectoderm, and neural crest and mesoderm mesenchyme (Fig. 1B). Each of these
primordia eventually contributes multiple lineages within the mature anterior segment (Fig.
1B). In addition, most mature anterior segment structures are a synthesis of both ectoderm
and mesenchyme. For example, in the cornea, the corneal epithelium derives from surface
ectoderm whereas the corneal stroma and the corneal endothelium derive from mesenchyme
Fig. 1A,B) (Gage et al., 2005). This is fundamentally different from e.qg. retinal
development, where all differentiated neurons and the Mueller glia differentiate from a
single, common pool of neural ectoderm precursors. Work from many model systems has
contributed to our current understanding of vertebrate eye development, including the
anterior segment (Jacobson and Sater, 1988;Furukawa et al., 1999;Beebe and Coats,
2000;Fuhrmann et al., 2000). Because some interspecies differences exist, mouse will be
used as the reference point for summarizing relevant stages of eye development and anterior
segment morphogenesis in this review as a prelude to mouse genetics experiments that will
be described later.

Several steps in eye development precede and are required for initiation of normal anterior
segment morphogenesis. The earliest molecular evidence for the eye primordia is activation
of a network of transcription factor genes marking first a single and subsequently two “eye
fields” within the anterior neural ectoderm (Chow and Lang, 2001). The optic pits,
representing the first morphological evidence of eye development, form as localized
thickenings of neural ectoderm within the inner surface of the anterior neural folds at the
positions initially marked by the two eye fields (Pei and Rhodin, 1970; Kaufman, 1992). By
embryonic day 9 (e9), the optic pits deepen to form the optic vesicles, outgrowths of neural
ectoderm on either side of the diencephalon (Fig. 2A) (Pei and Rhodin, 1970; Kaufman,
1992). The optic vesicles continue to expand laterally until they meet the ocular surface
ectoderm (Fig. 2A).

The ocular surface ectoderm (OSE) is a multipotent patch of head surface ectoderm that,
when appropriately patterned, is fated to contribute the lens, all epithelia of the eye surface
(cornea, limbus, conjunctiva), ectoderm-derived components of the lacrimal and Harderian
(in mice) glands, and the eyelid epidermis (Fig. 1, 2A) (Ashery-Padan et al., 2000). Anterior
segment development commences when the distal optic vesicle makes direct physical
contact with the overlying OSE on €9.5 in mice, resulting in induction of the lens placode
within the OSE (Fig. 2A) (Pei and Rhodin, 1970;Kaufman, 1992). Therefore, the optic
vesicle acts early in anterior segment development as an organizing center that is both
necessary and sufficient for specifying where within the ocular surface ectoderm the lens
primordia will form. The lens placode invaginates towards the head midline, forming a lens
pit (Fig. 2B), which then separates from the OSE to form the lens vesicle (e10.5), the
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precursor to the mature lens (Fig. 2C) (Pei and Rhodin, 1970;Kaufman, 1992). The
molecular cascade leading to lens development is known in considerable detail and has been
summarized elsewhere (Chow and Lang, 2001;Lang, 2004). Coincident with formation of
the lens vesicle, the optic vesicle is converted into an optic cup, the inner layer forming the
retina, whereas the outer layer will form the retinal pigmented epithelium (Fig. 2B). The
epithelium of the ciliary body and iris, two important structures within the anterior segment,
will eventually develop from the anterior rim of the optic cup.

The days following formation of the lens vesicle (e10-13.5) are critically important for
anterior segment development, because the general framework of patterning and initial
differentiation steps on which the future cornea, limbus, conjunctiva, and eyelids, will
depend are laid down. This period is marked by changes in both morphology and gene
expression, and coincides with the time at which the newly identified RA/PITX2/Wnt
regulatory network is first required (see below). At the beginning of this phase (e10),
morphogenesis of the cornea and other central anterior segment tissues starts with migration
of largely neural crest mesenchyme into the space between the newly formed lens vesicle
and the OSE (Fig. 2C) (Pei and Rhodin, 1970;Kaufman, 1992;Cvekl and Tamm, 2004). The
resulting 7-8 cell thick layer of mesenchyme becomes increasingly more organized and
condensed, implying a response to local cues (Fig. 2D). The transcription factor genes
Foxcl, Foxc2, Lmx1b, and Pitx2 are all initially expressed in specific patterns within the
mesenchyme at this time and are subsequently required for anterior segment development
(Gage and Camper, 1997;Kidson et al., 1999;Pressman et al., 2000;Kume et al., 2001).
Beginning shortly after immigration of the neural crest mesenchyme, distinct regions of the
OSE corresponding to the future corneal, limbal, and conjunctival ectoderm, and eyelid
epidermis can be identified based on differential expression and sub-cellular localization of
Connexin 43, a gap junction protein that is subsequently essential for corneal function
(Wolosin et al., 2002). In addition, by e12.5 differential levels of canonical Wnt/B-catenin
signaling activity distinguish future elements arising from the OSE (Smith et al., 2005). The
appearance of the eyelid grooves within the OSE dorsal and ventral to the optic cup at e11.5
is the first morphological evidence of eyelid development (Fig. 2C). At e14.5, corneal
development continues with the emergence of the presumptive corneal endothelium as a
continuous sheet of cells from the monolayer of mesenchyme directly overlying the anterior
lens and the anterior rim of the optic cup (Pei and Rhodin, 1970;Kaufman, 1992;Cvekl and
Tamm, 2004). The maturing corneal endothelium physically dissociates from the anterior
lens, forming a space that will become the future anterior chamber once aqueous humor
production begins (Pei and Rhodin, 1970;Kaufman, 1992). Keratocytes of the corneal
stroma differentiate somewhat later from mesenchyme located between the newly formed
corneal endothelium and the overlying presumptive corneal epithelium, which arises from
the OSE (Fig. 2E) (Pei and Rhodin, 1970;Kaufman, 1992). By late gestation, keratocytes
adopt a lamellar arrangement and begin to secrete a highly specialized extracellular matrix,
properties that are required for corneal transparency. After the cornea and lens separate, the
anterior rim of the optic cup becomes pigmented and begins to grow into the cavity between
the lens and cornea, generating the epithelia of the future ciliary body and iris. A new
migration of mesenchyme into the angle formed between the iris and the cornea
(iridocorneal angle) provides the precursors that will form the stroma of the ciliary body and
iris, as well as components of the future outflow tract within the iridocorneal angle.
Development of these later emerging structures continues for several weeks after birth
(Gould et al., 2004).

After their patterning and specification, eyelid primordia grow in size and extend toward
each other across the cornea until about e15.5 (Fig. 2E). During this period, the eyelid
consists of a loose array of mesenchyme sheathed within an outer layer of surface ectoderm,
which will form the future palpebral conjunctiva on the inner surface of the eyelid and the
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palpebral epidermis on the outer surface (Findlater et al., 1993). Regularly spaced eyelash
follicles begin to emerge at the interface between the palpebral epidermis and conjunctiva
towards the end of eyelid closure. Beginning approximately e15.5, periderm cells located at
the leading edge of the each eyelid rim begin to proliferate and migrate across the cornea
until they meet and fuse by e16.5 (Fig. 2E,F). The eyelids will ultimately reopen by
approximately postnatal day 10 (Findlater et al., 1993;Martin and Parkhurst, 2004;Xia and
Karin, 2004).

The increased organization and compaction visible within the periocular mesenchyme
(POM) of the anterior segment shortly after migration between the lens vesicle and
overlying OSE implies that the POM is responding to local cues. The concurrent activation
of specific transcription factor genes within the POM required for anterior segment
morphogenesis and corneal development further strengthens this view. Similarly, the
differential expression of Cx43 and the coincident emergence of morphological changes
demonstrate that patterning within the OSE is established within a similar time window.
Disruption of these early processes generally has a negative impact on subsequent steps in
anterior segment development. For example, mutations affecting differentiation of the
corneal endothelium result in persistent attachment of the posterior cornea to the lens (Blixt
et al., 2000; Brownell et al., 2000; Ring et al., 2000; Semina et al., 2001; Ormestad et al.,
2002), and disrupted patterning early during development of the OSE can result in the
subsequent emergence of ectopic eyelash follicles within the conjunctiva (distichiasis) (Fang
et al., 2000; Kriederman et al., 2003). Classic embryology experiments as well as mutant
phenotypes in mice and humans implicate the lens and anterior optic cup as likely sources of
signaling molecules for organizing the anterior segment, but the identities of the specific
factors, as well as the nature of the downstream response, are unknown. Recent data now
provide proof that the optic cup acts as a signaling center that orchestrates anterior segment
morphogenesis through direct action on the adjacent neural crest, and, indirectly through
action of the neural crest, on patterning and morphogenesis within the OSE.

Retinoic acid signaling orchestrates anterior segment morphogenesis
during the critical time window following lens vesicle formation

Vitamin A is essential for eye development and exerts its biological effects through retinoic
acid (RA), an enzymatic metabolite. The primary activity of RA during development is to
act as an autocrine or paracrine signaling molecule (Fig. 3A). In this capacity, RA binds to
nuclear receptors, activating these ligand-gated transcription factors within competent cells
(Fig. 3A). The nuclear receptors are constituted by proteins from two families, the retinoic
acid receptors (RAR) a, B, and y, and the retinoid X receptors (RXR) a, , and y (Chambon,
1996). The functional unit is a RAR/RXR heterodimer and all RAR and RXR proteins are
expressed in the developing eye (Ghyselinck et al., 1997;Mori et al., 2001). RAR proteins
bind both all-trans- and 9-cis-RA, whereas RXR proteins bind only 9-cis-RA. However, 9-
cis-RA is the active factor in cell signaling (Chambon, 1996). Evidence of a requirement for
RA signaling in eye development first came from reports of the severe congenital eye
defects present in vitamin A deficient (VAD) and/or RA-deficient human and livestock
fetuses (Hale, 1933;Warkany and Schraffenberger, 1946;Wilson et al., 1953;Dickman et al.,
1997;Dupe et al., 2003). Dysgenesis of the anterior segment is prominent in these
individuals, and includes agenesis of the lens, iris and corneal stroma, the corneal
endothelium, an absence of the anterior chamber, eyelids open at birth, and (in rodents) no
Harderian glands. Additional ocular features include retinal and optic disc coloboma, a
foreshortened ventral retina, and agenesis of the sclera. Humans with mutations inhibiting
the function of serum retinol binding protein have eye defects, as do mice with a reduced
capacity for RA receptor signaling (Lohnes et al., 1994;Seeliger et al., 1999). Genetic
ablation of two or more RAR encoding genes in mice results in severe eye defects that
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mimic those seen in severe VAD (Kastner et al., 1994;Lohnes et al., 1994;Ghyselinck et al.,
1997;Kastner et al., 1997;Mascrez et al., 1998). Therefore the competence to respond to RA
signaling is critical for normal eye development.

Conversion of vitamin A to RA is a two-step process. First, in all cell types, vitamin A is
converted to retinaldehyde by the enzyme, alcohol dehydrogenase type 3 (Fig. 3A)
(Molotkov et al., 2002). Second, in selected, cell types, retinaldehyde is converted to retinoic
acid (either all-trans or 9-cis) by a retinaldehyde dehydrogenase (Fig. 3A) (Duester, 2000).
Mammals have four retinaldehyde dehydrogenase proteins (RALDH1-4) encoded by the
genes Aldhlal, Aldhla2, Aldkhla3, and Aldh8al, respectively (Duester, 2000;Lin et al.,
2003). Temporal-spatial specificity of RA production, and therefore the capacity for RA
signaling, are largely controlled by selective expression of the RALDH proteins during
development. In addition, RA signaling can be fine tuned by the activity of RA-degrading
enzymes such as CYP26A1 and CYP26C1 (Fujii et al., 1997;Sakai et al., 2004).

RALDH1-3 are expressed in dynamic, overlapping patterns beginning early in eye
development, coinciding with conversion of the optic vesicle into the optic cup and
formation of the lens vesicle. RALDH?2 is transiently expressed in the optic vesicle at €8.5
(Li et al., 2000; Wagner et al., 2000; Mic et al., 2004). By 9.5, RALDHL1 is strongly
expressed in the dorsal retina while RALDH3 is strongly expressed in the ventral retina
(McCaffery et al., 1999; Grun et al., 2000; Li et al., 2000; Mic et al., 2000; Suzuki et al.,
2000), prompting the hypothesis that RA signaling may play an essential role in dorsal/
ventral patterning of the retina during development (Wagner et al., 2000; Drager et al., 2001,
Peters and Cepko, 2002; Sakai et al., 2004). However, functional studies including
individual gene ablation have not supported a role for RA signaling in early dorsal/ventral
patterning in the retina or specification and morphogenesis of the lens (Matt et al., 2005;
Molotkov et al., 2006). Functional redundancy amongst the RALDH proteins does not
account for this surprising result, since retinal patterning and lens vesicle formation also
appear unaffected in double gene knockout mice lacking any detectable RALDH activity in
the eye (Matt et al., 2005; Molotkov et al., 2006). Therefore, RA signaling is not required
for lens induction and morphogenesis, the earliest stages of anterior segment development.

In contrast, RA signaling is critically required for the next phase of anterior segment
morphogenesis, which includes initiation of all three layers of the cornea, patterning the
remaining OSE into presumptive corneal, limbal, and conjunctival ectoderm and eyelid
epidermis, and the emergence of the early eyelid primordia. RALDH1 is highly expressed in
the corneal ectoderm, lens, and dorsal retina throughout this time period (€10.5-13.5), and at
lower levels in the ventral retina beginning by e11.5 (Fig. 3B) (Matt et al., 2005;Molotkov et
al., 2006). Concurrently, RALDHS3 is strongly expressed in the corneal ectoderm, retinal
pigmented epithelium, and ventral retina, with weaker expression in the dorsal retina (Fig.
3B) (Matt et al., 2005;Molotkov et al., 2006). In mice transgenic for a RA-responsive lacZ
transgene (RARE-lacZz), B-gal is expressed in the retina, optic nerve, corneal ectoderm, and
periocular mesenchyme at this stage, establishing the responsiveness of these tissues to RA
(Fig. 3C) (Matt et al., 2005;Molotkov et al., 2006). This same transgene is silent in the eyes
of mutant mice lacking both RALDH1 and RALDH3, confirming that these two enzymes
account for all RA signaling activity in the eye during this critical period of anterior segment
development (Matt et al., 2005;Molotkov et al., 2006).

Genetic ablation of Aldhlal (RALDHL1) has little effect on expression of the RARE-lacZ
transgene or eye development (Matt et al., 2005; Molotkov et al., 2006). Ablation of
Aldhla3 (RALDHB3) abolishes expression of the RARE-lacZ reporter in the RPE, ventral
corneal ectoderm, ventral retina, and ventral POM while expression in the dorsal tissues is
unaffected (Matt et al., 2005; Molotkov et al., 2006). Aldhl1a3 mice exhibit mild to moderate
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ventral defects, including shortening of the ventral retina, ventral rotation of the lens,
retrolenticular membrane, and thickening of the ventral POM (Matt et al., 2005; Molotkov et
al., 2006). The latter appears to be due to a decrease in apoptosis that normally occurs within
the ventral POM (Matt et al., 2005; Molotkov et al., 2006). Similar apoptosis occurs within
the dorsal POM of wild type mice but this is unaffected in Aldhla3 mutants. In contrast to
the single mutants, ablation of both Aldhlal and Aldhl1a3, and the accompanying absence of
RA signaling, has profound effects on anterior segment patterning and morphogenesis (Matt
et al., 2005; Molotkov et al., 2006). Anterior segment phenotypes include agenesis of the
corneal endothelium and stroma, iris stroma, and formation of a thick layer of mesenchyme
between the lens and cornea. Invagination of the dorsal eyelid groove fails, leading to the
absence of a dorsal eyelid while only a rudimentary eyelid forms ventrally. This ventral
eyelid remains small and ultimately fuses with the presumptive corneal ectoderm, forming a
hypoplastic conjunctival sac. Additional phenotypes include a persistent retrolenticular
membrane, ventral rotation of the lens, shortening of the ventral retina, retinal coloboma,
and agenesis of the sclera. Providing the pregnant dam with a RA supplemented diet largely
restores normal eye development in the mutants (Molotkov et al., 2006). However, the
competence of neural crest to respond to RA by activating Pitx2 expression and other steps
required for normal anterior segment development may be transient (See and Clagett-Dame,
2009).

The wild type expression of the RARE-lacZ reporter in multiple ocular tissues combined
with the severe Aldhlal/3 phenotype raises the possibility that normal anterior segment
development could require intact RA signaling to the retina, surface ectoderm, and/or POM
(Fig. 3C). However, neural crest-specific ablation of two (Rarb and Rarg) or all of the three
genes encoding the RAR nuclear receptors results in mice with ocular phenotypes identical
to those in the Aldhlal/3 mice (Matt et al., 2005;Matt et al., 2008). Therefore, neural crest is
the primary target of RA signaling in the eye during this critical period of anterior segment
patterning and morphogenesis. Loss of RA signaling does not appear to affect neural crest
cell survival; on the contrary, apoptosis is reduced in neural crest of the mutant animals
(Matt et al., 2005;Molotkov et al., 2006). Absence of RA signaling results in the loss of
expression within the neural crest of transcription factor genes (Eya2, Foxcl, and Pitx2) that
are required for normal anterior segment morphogenesis (Matt et al., 2005;Molotkov et al.,
2006). Therefore, RA signaling to the neural crest orchestrates anterior segment
morphogenesis at least in part through the activation of essential transcription factor genes.
Whether or not the effects on the target genes are direct or indirect and details regarding
additional downstream targets remain unknown.

Canonical Wnt signaling and patterning of the ocular surface ectoderm

Canonical Wnt signaling, mediated by the downstream effector protein -catenin, is widely
required during development, as well as stem cell biology and adult tissue homeostasis
(Logan and Nusse, 2004). Temporal-spatial patterns of Wnt pathway activity within a
developing tissue or organ are tightly regulated (Logan and Nusse, 2004). Dys-regulation of
canonical Wnt/B-catenin signaling leads to abnormal development and plays a prominent
role in a number of diseases, including cancer (Nusse, 2005). Canonical Wnt/p-catenin
signaling activity is initiated by Wnt ligand binding to a heterodimeric cell surface receptor,
resulting in stabilization and translocation of B-catenin to the nucleus where it partners with
TCF/LEF transcription factors (Fig. 4A) (Logan and Nusse, 2004; Nusse, 2005). Canonical
Whnt/B-catenin signaling can promote gene transcription, cell proliferation, differentiation,
cell survival, or developmentally programmed apoptosis (Logan and Nusse, 2004; Nusse,
2005).
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A TOPGAL reporter transgene that expresses lacZ in response to canonical Wnt signaling
has been used to evaluate pathway activity during eye development (Liu et al., 2003; Smith
et al., 2005; Miller et al., 2006). The levels of canonical Wnt/B-catenin signaling activity
vary significantly in time and space within the OSE during the critical period for patterning
and differentiation of the individual cell fates.

Prior to and during the early phases of lens induction and morphogenesis (€8.5-9.5),
canonical Wnt/B-catenin signaling activity is absent from the OSE and remains undetectable
during the lens vesicle stage (€10.5) (Miller et al., 2006). Pathway activity remains
undetectable in central tissues including the presumptive corneal ectoderm at e12.5, but is
markedly elevated peripherally, including in the palpebral epidermis and conjunctiva (Fig.
4C) (Smith et al., 2005). Local activity in the mesenchyme parallels that in the respective
overlying ectoderm (Fig. 4C) (Smith et al., 2005).

Manipulating canonical Wnt/B-catenin signaling activity dramatically alters patterning and
development of within OSE. Genetically, the pathway can be blocked by ablating the Catnb
(B-catenin) gene or activated by rearranging Catnb to produce a highly stable form of p-
catenin (Harada et al., 1999; Brault et al., 2001). Generating abnormally high levels of
pathway activity throughout the OSE blocks induction of the normal, centrally placed lens
placode by the optic vesicle (Smith et al., 2005), whereas ablating pathway activity
throughout the OSE results in lentoid bodies forming within the peripheral OSE (Miller et
al., 2006). Therefore, the competence of cells within the OSE to form lens correlates with
low levels of canonical Wnt/B-catenin signaling activity, suggesting that differences in the
levels of signaling activity play an essential role in patterning the OSE. As eye development
progresses, mutants with abnormally high canonical Wnt/p-catenin signaling activity
throughout the OSE fail to develop a cornea, conjunctiva, or eyelids, indicating that correct
levels of pathway activity remain essential for normal anterior segment development in the
period following lens formation (Miller et al., 2006). Collectively, these data indicate that
normal patterning and differentiation of structures derived from the OSE correlate strongly
with achieving the correct temporal/spatial activation of canonical Wnt/B-catenin signaling
activity.

Temporally and spatially restricted expression of Wnt ligands and other components
required for signal transduction would be one mechanism that could account for the required
local activation or suppression of pathway activity during anterior segment development.
However, several Wnt ligands that are active in the canonical signaling pathway, as well as
multiple Frizzled receptor proteins required for Wnt signaling, are highly expressed in the
presumptive corneal ectoderm during the period when pathway activity in the same cells and
adjacent mesenchyme is low or undetectable (Fig. 4B) (Liu et al., 2003;Smith et al., 2005).
Therefore, expression of the required signaling factors does not correlate with pathway
activity levels in the developing OSE through this time period (Liu et al., 2003). This
suggests that the pathway may be actively inhibited. Canonical Wnt/B-catenin signaling
activity can be inhibited by secreted frizzled-related proteins (SFRP1-4) and Dickkopf
proteins (DKK1-4), which antagonize active signaling by binding to and inactivating either
the Wnt ligand (SFRP’s) or the Wnt receptor (DKK’s) (Logan and Nusse, 2004;Nusse,
2005;Niehrs, 2006). Although multiple Sfrp and Dkk genes are developmentally expressed
in the eye, data on the expression patterns within the relevant time are incomplete and, in
some cases, not in agreement (Monaghan et al., 1999;L.iu et al., 2003;Ang et al., 2004;Chen
et al., 2004). In addition, until recently, no functional analysis on the effects of ablating
SFRP’s or DKK’s in the developing eye had been reported. Therefore, the mechanism(s)
underlying the essential temporal and regional activation and suppression of canonical Wnt/
jB-catenin signaling activity within the developing OSE was unknown.
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Pitx2 integrates RA and canonical Wnt/B-catenin signaling activity during
anterior segment development

Pitx2 encodes a homeodomain transcription factor (PITX2) whose expression is first
detectable within the neural crest of the anterior segment beginning at €9.5-10, shortly after
lens vesicle formation and early in the critical period for subsequent anterior segment
morphogenesis (Hjalt et al., 2000; Gage et al., 2005). These initial data suggest that Pitx2
expression is activated within ocular neural crest in response to local cues, a fact confirmed
by the recent demonstration that Pitx2 expression is dependent on RA signaling from the
optic cup (Matt et al., 2005; Molotkov et al., 2006). Over the next 1-2 days, Pitx2 expression
expands to include neural crest surrounding the optic cup and optic stalk, within the hyaloid
space, and extending into the eyelid mesenchyme. Pitx2 is also expressed in mesoderm
within the developing eye. Unlike neural crest, Pitx2 expression is high in mesoderm, before
these cells associate with the eye primordia, suggesting that Pitx2 activation in mesoderm
occurs by a different mechanism than in neural crest. Ultimately, neural crest and mesoderm
expressing Pitx2 will contribute to the structures throughout the anterior segment, as well as
the sclera, extraocular muscles, and all ocular blood vessels (Gage et al., 2005).

Heterozygous mutations in human PITX2 are one cause of Axenfeld-Rieger Syndrome, a
congenital condition resulting in a variable anterior segment dysmorphogenesis and a high
risk for glaucoma (Semina et al., 1996; Kulak et al., 1998; Kozlowski and Walter, 2000).
The anterior segment defects can affect multiple lineages derived from the POM, including
the corneal and iris stroma, corneal endothelium, and trabecular meshwork and Schlemm’s
canal within the iridocorneal angle (Semina et al., 1996). Axenfeld-Rieger patients also have
elevated intraocular pressure, which likely contributes to their high risk for glaucoma.
Ablation of Pitx2 in mice results in agenesis of the corneal endoderm and stroma, iris
stroma, and the replacement of these structures by a thick layer of mesenchyme lying
between the lens and cornea (Gage et al., 1999; Kitamura et al., 1999; Lin et al., 1999; Lu et
al., 1999). In addition, eyelid development is severely affected. Elsewhere, there is
shortening of the ventral retina, coloboma formation, ventral rotation of the lens, a severe
dysmorphogenesis of the optic nerve, and agenesis of the sclera and extraocular muscles.
Mutants in which Pitx2 has been ablated specifically in neural crest recapitulate many ocular
features of the global knockout mice, including within the anterior segment (Evans and
Gage, 2005). Therefore, Pitx2 function in neural crest is required for the development of
multiple ocular tissues, including the anterior segment. Anterior segment defects in global
and neural crest-specific Pitx2 knockout mice appear identical to those reported for the loss
of RA signaling mice, raising the possibility that Pitx2 is potentially the major downstream
effector of RA signaling in the neural crest. (Gage et al., 1999; Matt et al., 2005; Molotkov
et al., 2006).

Although the importance of Pitx2 for regulating eye development is well established, little is
known regarding the underlying mechanism(s) or key downstream regulatory genes/
pathways. Many of the phenotypes in mice and humans affect cell types derived from neural
crest and mesoderm, lineages in which Pitx2 is expressed, suggesting that cell autonomous
mechanisms, such as regulation of additional transcription factor genes, account for these
defects. In contrast, the shortened ventral retina, coloboma, and dysmorphogenesis of the
optic nerve all arise from developmental defects in neural ectoderm, a tissue in which Pitx2
is never expressed. These defects must arise out of non-cell autonomous mechanisms,
providing the first evidence that critical downstream targets of PITX2 might include genes
encoding factors involved in cell signaling pathways.

Dkk2, which encodes a secreted extracellular antagonist of canonical Wnt/p-catenin
signaling, was recently identified as an important downstream effector of PITX2 during
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ocular anterior segment morphogenesis (Gage et al., 2008). Normally, canonical Wnt/-
catenin signaling activity requires the binding of Wnt ligands to heterodimeric cell surface
receptors consisting of a Frizzled (FRZ) protein and a LRP5/6 protein (Logan and Nusse,
2004). DKK2 protein antagonizes canonical Wnt/p-catenin signaling by binding LRP5/6
together with a third protein, Kremen, resulting in a trimeric complex that is cleared from
the cell surface by endocytosis and degraded within the cell by the proteosome (Niehrs,
2006; Gage et al., 2008). The resulting inability to form a functional heterodimeric receptor
makes the cell incompetent to transduce a p-catenin signal even in the presence of high
concentrations of Wnt ligand.

Dkk2 expression is first detected in anterior segment POM by e11 and spreads to POM
surrounding the optic cup and extending into the emerging eyelids over the next 1-2 days
(Monaghan et al., 1999; Gage et al., 2008). Unlike Pitx2, Dkk2 is not expressed in the
extraocular muscle primordia (Monaghan et al., 1999; Gage et al., 2008). Although the
expression patterns are nearly identical, the timing of Dkk2 activation in the POM lags
behind that of Pitx2, consistent with it being a downstream effector (Gage et al., 2008).
Dkk2 is absent from eyes of global and neural crest-specific Pitx2 knockout mice and is
significantly reduced in Pitx2*/~ mice (Gage et al., 2008). In addition, canonical Wnt/p-
catenin signaling activity levels are elevated throughout the anterior segment of Pitx2
mutant eyes (Gage et al., 2008). PITX2 protein physically associates with Dkk2 promoter
sequences in primary cultures of embryonic POM and a Dkk2 genomic fragment
encompassing these sequences is responsive to PITX2 in a dose-dependent manner when
linked to a luciferase reporter cassette (Gage et al., 2008). Collectively, these data indicate
that Dkk2 is a direct target of PITX2 in neural crest during eye development.

Ablation of Dkk2 results in dys-regulation of canonical Wnt/B-catenin signaling levels,
disrupted patterning, and altered fate specification within the OSE (Mukhopadhyay et al.,
2006; Gage et al., 2008). Canonical Wnt/B-catenin signaling activity is extremely low to
undetectable in developing wild type bulbar conjunctiva, limbal, and corneal ectoderm,
tissues that directly overly the mesenchymal cells expressing DKK2 (Liu et al., 2003; Smith
et al., 2005; Miller et al., 2006; Gage et al., 2008). In contrast, canonical Wnt/B-catenin
signaling activity is elevated throughout the OSE of Dkk2 deficient eyes, including the
presumptive bulbar conjunctiva, limbus, and cornea (Mukhopadhyay et al., 2006; Gage et
al., 2008). Specific defects include mis-specification of corneal ectoderm as conjunctival
goblet cells, ectopic eruption of eyelash follicles from surface ectoderm within the palpebral
and bulbar conjunctiva, and limbus, and rudimentary growth of the eyelid (Gage et al.,
2008). Therefore, despite uniform high expression of Wnt ligands and other components of
the pathway, the paracrine effects of DKK2 represent at least one essential mechanism for
negatively regulating canonical Wnt/B-catenin signaling activity that is required for normal
patterning and differentiation within the OSE.

Ablation of Dkk2 also results in elevated canonical Wnt/B-catenin signaling activity within
the POM (Gage et al., 2008). Similar to the OSE, the greatest increase occurs in cells within
the presumptive bulbar conjunctiva, limbus, and cornea. The mesenchyme of the developing
conjunctiva and limbus of wild type mice is richly vascularized whereas the cornea is
avascular. In contrast, the corneal stroma in Dkk2 mice is richly vascularized prior to birth,
similar to mesenchyme underlying the conjunctiva (Gage et al., 2008). The vascularization
of the mesenchyme, together with the appearance of goblet cells in the overlying corneal
surface ectoderm, provides further evidence that anterior segment patterning is altered in
these mice leading this mesenchyme and surface ectoderm to at least partially adopt
characteristics of conjunctiva, normally more peripheral fate (Gage et al., 2008). Elevated
canonical Wnt/B-catenin signaling within the mutant cornea mirrors that normally found in
the conjunctiva, providing evidence that patterning achieved by activation/suppression of
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elevated canonical Wnt/B-catenin signaling plays a key role in specifying a conjunctiva
versus cornea fate. Post-natally in Dkk2 mutant eyes, ectopic blood vessels extend from the
iris collarette across the anterior chamber to the central corneal endothelium (Gage et al.,
2008). The specific underlying mechanism(s) leading to ectopic blood vessel growth remain
to be determined but it is likely that elevated canonical Wnt/p-catenin signaling activity is a
general contributing mechanism, since it is angiogenic in other systems (Duplaa et al., 1999;
Wright et al., 1999; Longo et al., 2002; Masckauchan et al., 2005; Skurk et al., 2005;
Goodwin et al., 2006). Therefore, the abnormally high levels of canonical Wnt/B-catenin
signaling activity may directly promote abnormal blood vessel growth within the mutant
corneas. Alternatively, the normally low levels of canonical Wnt/B-catenin signaling activity
may be required to make the cornea of wild type eyes non-permissive to blood vessel
growth. Finally, low levels of canonical Wnt/B-catenin signaling activity levels may be
required for expression of known inhibitors of corneal vascularization such as soluble form
of VEGF receptor 1 (Ambati et al., 2006)

Current model

Retinoic acid produced from the optic cup and lens serves as a critical mechanism for
orchestrating overall morphogenesis and development of specific structures within the
anterior segment in the period following formation of the lens vesicle (Fig. 5). The adjacent
neural crest within the nascent anterior segment is a primary direct target of RA signaling at
this time. The neural crest responds by initiating a transcriptional program that is required
for subsequent patterning and development of the cornea, eyelids, and other tissues.
Therefore, through production of RA, the optic cup acts as a signaling center nucleating
anterior segment morphogenesis. This function is strikingly analogous to the role played by
its predecessor, the optic vesicle at an earlier time point in inducing the initiation of lens
development at a specific site within the overlying OSE. The transcriptional response within
the neural crest includes activation of Eya2, Foxcl, and Pitx2, although it is highly likely
that additional important targets are required (Fig. 5).

The anterior segment phenotypes shared by RA deficient and Pitx2 knockout mice establish
that Pitx2 is a critical target of RA signaling in the neural crest. One essential direct target of
PITX2 in the neural crest is the gene encoding DKK2, a potent antagonist of canonical Wnt/
jB-catenin signaling activity (Fig. 5). An important property of DKK2 function is that the
target cells are rendered incompetent to mount a canonical Wnt/B-catenin signaling response
even in an environment with significant concentrations of Wnt ligand, such as the
developing cornea. DKK2 expressed downstream of PITX2 acts by both paracrine (acting
on the surface ectoderm) and autocrine (acting on the neural crest) mechanisms to
effectively block canonical Wnt/B-catenin signaling activity within the presumptive cornea
(Fig. 5). More peripherally, additional phenotypes of Dkk2 deficient mice, including
distichiasis and gross defects in eyelid development, provide compelling functional evidence
that DKK2 must also act to moderate canonical Wnt/B-catenin signaling activity within
these tissues. Therefore, Pitx2 expression within the neural crest acts as a critical node
integrating RA signaling from the optic cup, required for morphogenesis of the anterior
segment, with activation and suppression of canonical Wnt/p-catenin signaling activity,
required to correctly pattern the OSE and mesenchyme.

This model prompts further hypotheses that should be tested in order to provide additional
supportive evidence. For example, the model predicts that Dkk2 expression should be lost
and canonical Wnt/B-catenin signaling activity should be upregulated in mutant where RA
production by ocular structures or the competence of neural crest to respond to RA signaling
is lost. These predictions are readily testable by assaying the RA mutants for Dkk2 and
Axin2 expression.

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



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gage and Zacharias

Page 11

Perspectives

Demonstrating the interconnected roles of retinoic acid, PITX2, and canonical Wnt/B-
catenin signaling represents a significant breakthrough in understanding anterior segment
development, because, for the first time, it provides evidence for how multiple signaling
pathways are integrated at the level of transcriptional regulation. However, it is clear that the
complete network regulating anterior segment development is significantly more complex.
Some candidates that may participate at various levels of the network are already known,
while others very likely remain to be identified. The future pursuit of these factors and their
integration into the existing model is essential for advancing our understanding of this
important process.

Several potential candidates are members of the TGF-p super-family of signaling molecules,
a third major essential cell-cell signaling pathway during development. This family is
divided into two branches: the TGF-B/activin/nodal branch and the bone morphogenetic
protein (BMP)/growth derived factor (GDF) branch (Wu and Hill, 2009). Ablation of TGF-
receptor 2 (Tgfbr2) within the neural crest results in agenesis of the corneal endothelium
with associated loss of the anterior chamber, pronounced thinning of the corneal stroma, and
a severe reduction or loss of Foxcl and Pitx2 expression, features that are reminiscent of the
RA signaling mutants (lttner et al., 2005). However, cell death is significantly increased
within the corneal mesenchyme of Tfgbr2 mice, a notable difference from RA signaling
mutants (Ittner et al., 2005). TGF-B2 appears to be the major signaling ligand acting upon
the neural crest as Tfgh2 knockout mice phenocopy the Tgfbr2 knockout mice while anterior
segment development appears normal in the absence of TGF-B1 and TGF-B3 (Fig. 5)
(Sanford et al., 1997; Saika et al., 2001). Reduction of BMP4 levels in Bmp4*/~mice also
results in anterior segment dysgenesis within structures or tissues derived from POM,
including iridocorneal adhesions, small or absent Schlemm’s canal, and hypomorphic or
absent trabecular meshwork (Chang et al., 2001). The downstream effectors of both TGF-f3
and BMP signaling are Smad proteins that translocate from the cytoplasm to the nucleus and
activate transcription of target genes after phosphorylation by ligand-activated cell surface
receptors (Wu and Hill, 2009). Importantly, RAR proteins are able to physically interact
with and modify the activity of Smad proteins through various mechanisms in other systems
(Roberts and Sporn, 1992; La et al., 2003; Pendaries et al., 2003). Therefore, it will be
important to determine not only whether RA and TGF-3 super-family signaling act in
concert or independently within neural crest of the anterior segment but also the underlying
mechanism(s). Additional signaling molecules likely act upon the neural crest and it will be
important to identify these molecules and determine their potential relationship to RA

signaling (Fig. 5, Q1, Q2).

Our understanding of the response by the neural crest is also in its infancy. Pitx2 and Foxcl
expression is dependent on RA signaling but whether these effects are direct or indirect is
unknown (Fig. 5). Although DKk2 is clearly an important target of Pitx2, the ocular
phenotype in Dkk2 mutant mice is significantly less severe than the Pitx2 phenotype.
Therefore, Dkk2 likely represents one of what are likely to be many important downstream
effectors of PITX2 during anterior segment development and identifying these additional
factors remains a high priority. Like Pitx2, Foxcl is certain to be a key target of RA
signaling that should be pursued further because heterozygous and homozygous null
mutations cause anterior segment dysgenesis in mice and heterozygous mutations in FOXC1
are a second cause of Axenfeld-Rieger Syndrome in humans (Mears et al., 1998;Kidson et
al., 1999;Lehmann et al., 2000). Additional transcription factor genes to test as potential
targets of RA signaling in neural crest include Foxc2 and Lmxb1 (Fig. 5, Q3) (Pressman et
al., 2000;Smith et al., 2000). FOXC1 and FOXC2 are highly related forkhead transcription
factors and mutations affecting FOXC1 cause distichiasis in mice and humans and anterior
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segment dysgenesis in mice (Mears et al., 1998;Kidson et al., 1999;Fang et al.,
2000;Lehmann et al., 2000;Kriederman et al., 2003). Mutations to the homeodomain
transcription factor LMX1B cause anterior segment defects in mice and a significant risk for
glaucoma in humans (Chen et al., 1998;Mclntosh et al., 1998;Vollrath et al., 1998;Pressman
et al., 2000). Future studies are needed to determine whether Foxc2 and Lmx1b expression in
neural crest is directly or indirectly dependent on RA signaling. RA signaling may regulate
expression of additional transcription factor genes in the neural crest and it will be important
to identify these, as well as to determine whether they are direct or indirect targets (Fig 5,

Q).

The repertoire of responses by neural crest to RA signaling is likely to include genes
encoding proteins with other functions, in addition to transcription factors (Fig. 5, Q4).
These additional genes will likely include both direct targets of RA signaling, as well as
targets of the transcription factors whose expression is activated in response to RA
signaling. The visible changes in organization and compaction that occur within the
mesenchyme during its response to RA signaling suggest that one key target set will include
genes for cell matrix and/or cell adhesion molecules. Genes encoding additional factors
involved in different aspects of cell signaling in addition to Dkk2 may represent a second
key target set. These may encode factors that act like DKK2 on the overlying surface or
factors involved in signaling back to the optic cup or lens, as well as autocrine factors. They
may also include expression of intrinsic factors such as cell surface receptors or cytoplasmic
regulators that change the competence of the neural crest to respond to existing or new
signaling inputs.

The expression pattern of the RARE-lacZ reporter transgene identifies structures derived
from neural ectoderm (anterior optic cup, presumptive ciliary and iris epithelium, RPE) and
OSE (presumptive corneal, limbal, conjunctival, and eyelid epithelia), in addition to POM,
as competent to respond to RA signaling in the period following lens vesicle formation
(Matt et al., 2005; Molotkov et al., 2006). Although neural crest mesenchyme is clearly a
critical primary target of RA signaling, these expression data raise the question whether
normal anterior segment development may also require a primary response to RA signaling
within the neural ectoderm and/or OSE. Appropriate Cre drivers for testing these
possibilities are available and should be used to test these possibilities.

This signaling network that has been defined in mouse but its relevance to other organisms
remains to be determined. If essential in other experimental organisms such as fish or
chickens, this will provide important additional avenues to further explore the pathway as
these organisms offer certain experimental advantages that mice do not. Variation in PITX2
gene dose is a central underlying mechanism leading to anterior segment defects in humans.
An auto feedback loop between PITX2 and canonical Wnt/B-catenin signaling, if active in
humans, would provide an effective means of potentially permitting tissues within the
anterior segment some capability to respond to physiological change, such as environmental
stressors, and return the system to homeostasis. However, the ability of the system to
respond in this fashion, if it exists at all, appears limited since it cannot effectively
compensate in patients who have even one hypomorphic allele of PITX2.

This review has focused largely on the interconnected functions of RA and canonical Wnt/B-
catenin signaling, together with the homeodomain transcription factor PITX2, in
determining overall patterning of the anterior segment in the period following formation of
the lens vesicle. Although these functions are essential at this particular developmental stage
as a prelude for events that occur later, it is clear that execution of the later events requires
additional regulatory steps and it will be important to identify these and determine how they
relate to and/or build upon the earlier steps that have been the focus of this review. Unlike
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the early phase, which appears to play an essential role in relatively broad patterning events
within the anterior segment, subsequent regulatory steps are likely to function in more
specific developmental processes. As one example, canonical Wnt/B-catenin signaling levels
are known to regulate the degree of branching during lacrimal gland development (Dean et
al., 2005). FGF10 signaling is required for induction of lacrimal gland development from
peripheral OSE where canonical Wnt/B-catenin signaling activity levels are apparently
relatively high, suggesting that perhaps FGF signaling together with a particular level of
canonical Wnt/B-catenin signaling activity may be required to specify the lacrimal gland fate
within the OSE (Makarenkova et al., 2000). However, transgenic expression of FGF10 from
the lens is able to induce ectopic lacrimal glands to form within the presumptive cornea
(Govindarajan et al., 2000), raising possibility that FGF signaling may be dominant.

RA signaling, canonical Wnt/B-catenin signaling, and PITX2 are all important for normal
development of multiple organs. Therefore, aspects of the model presented in Fig. 5 may not
be limited to the anterior segment. RA and canonical Wnt/B-catenin signaling interact
elsewhere during development and in disease. Induction of a neuronal differentiation
program in mouse embryonic stem cells is mediated by activation of Dkk1 downstream of
RA signaling and the ensuing suppression of canonical Wnt/B-catenin signaling, a
mechanism with clear parallels to events in the anterior segment (Verani et al., 2007). RA
and canonical Wnt/B-catenin signaling function in vertebral patterning along the anterior-
posterior axis of the embryo by synergistically activating expression of Cdx1 (Prinos et al.,
2001). RA and canonical Wnt/p-catenin signaling also interact in breast and colon cancer
(Szeto et al., 2001;Tice et al., 2002a;Tice et al., 2002b). In general, genetic evidence for
these interactions is strong but the specific underlying mechanisms are unknown. Therefore,
it may be that PITX2 or another transcription factor functions as an integration node in these
systems, as occurs in the anterior segment. In addition to the eye, Pitx2 is essential for
development of the branchial arches, brain, pituitary gland, and heart, all processes that are
highly dependent on inductive patterning events, including by RA and canonical Wnt/f-
catenin signaling. It will be important to determine whether the interactions between PITX2
and these signaling pathways are replicated during the development or function of these
addition organs.
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Figure 1. Identities and embryonic origins of major anterior segment tissues

(A) Adult eye with annotation of the major structures and tissue of the anterior segment. (B)
Adult eye illustrating embryonic origins of major tissues from ocular surface ectoderm
(blue), periocular mesenchyme (neural crest and mesoderm, red/orange), and neural
ectoderm (green). Key: A, iridocorneal angle; BC, bulbar conjunctiva; CB, ciliary body; CE,
corneal epithelium; CEn, corneal endothelium; CS, corneal stroma; E, eyelid; EL, eyelash
cilium; 1, iris; L, lens; OSE, ocular surface ectoderm; PC, palpebral conjunctiva; PE,
palpebral epidermis; POM, periocular mesenchyme (both neural crest and mesoderm); SC,
Schlemm?’s canal; TM, trabecular meshwork.

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



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Gage and Zacharias

Page 21

ell.5 el135

el5.5 el185

Figure 2. Morphogenesis of the anterior segment

The anterior segment develops from ocular surface ectoderm (blue), neural ectoderm
(green), and neural crest and mesoderm mesenchyme (orange). (A) Anterior segment
morphogenesis is initiated when direct interaction of the distal optic vesicle indices
formation of the lens placode within the overlying ocular surface ectoderm. (B) The lens pit
forms by invagination of the lens pit while the optic vesicle is concurrently converted in the
optic cup. The inner layer of optic cup will form the retina, the outer layer will form the
retinal pigmented epithelium, and the anterior rim of the optic cup will contribute the
epithelial components of the ciliary body and iris. (C) Loosely arranged mesenchyme
migrates between the newly formed optic vesicle and anterior optic cup and the overlying
presumptive cornea. Eyelid folds emerge as the first morphological evidence of eyelid
development. Key: C, cornea; E, eyelid; EF, eyelid folds; L, lens; LP, lens placode; LV, lens
vesicle; M, mesoderm; OSE, ocular surface ectoderm; OV, optic vesicle; P, periderm; Pit,
lens pit; R, retina; PRE, retinal pigmented epithelium
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Figure 3. Retinoic acid signaling during development of the anterior segment

(A) Simplified overview of retinoic acid production and function in intracrine or paracrine
signaling. Note: addition factors involved in functions such as transport have been omitted
for simplicity. (B) Summary of tissues producing retinoic acid (blue) at e11.5 based on
expression of RALDH1 and/or RALDH3. (C) Summary of tissues responding to retinoic
acid signaling at e11.5 based on expression pattern of RARE-lacZ reporter transgene. Key:
C, cornea; ADH, alcohol dehydrogenase; RAR, retinoic acid receptor; RALDH1-3,
retinaldehyde dehydrogenase 1-3; RDH10, retinol dehydrogenase 10; M, mesenchyme; OS,
optic stalk; R, retina; PRE, retinal pigmented epithelium; RXR, retinoid X receptor.
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Figure 4. Canonical Wnt/b-catenin signaling during development of the anterior segment

(A) (Left) Both the LRP5/6 and Fz proteins are present on the surface of a competent cell,
providing available Wnt ligand with the full heterodimeric receptor required to transduce the
signal. Activation of the full receptor by Wnt ligand induces biochemical changes within the
cytoplasm that lead to accumulation of stabilized p-catenin, which is translocated to the
nucleus where it activates transcription of target genes. (Right) DKK proteins, when present,
render a cell incompetent to respond to Wnt ligand because the LRP5/6 component required
for receptor function is removed from the cell membrane. DKK proteins bind LRP5/6, in
combination with a third protein called Kremen, and this complex is cleared from the cell
surface by endocytosis and subsequently degraded. This leaves the cell incompetent to
transduce a signal to the nucleus, even when high quantities of Wnt ligand present, because
a fully functional heterodimeric receptor cannot be formed. (B) Summary of Wnt ligand and
Frizzled receptor expression sites (blue) in mouse eye tissues at e12.5. (C) Summary of
structures/cells exhibiting high (blue) or low (white) canonical Wnt signaling activity in
mouse eye tissues at €12.5. Key: BC, bulbar conjunctiva; C, cornea; L, lens; DKk, Dickkopf;
Fz, any frizzled protein; Krm, Kremen; LRP5/6, low density lipoprotein receptor-related
protein 5 or 6; M, mesenchyme; PC, palpebral conjunctiva; PE, palpebral epidermis; TCF,
transcription factor 4; Wnt, Wnt ligand
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Figure 5. Current model and important questions for future analysis

Established genetic and molecular pathways are shown in blue. Known candidates that
should be tested for potential relevance to the network are shown in orange. More open-
ended unknown questions are shown in green. These include what other factors in addition
to RA may be required to activate Eya2, Foxcl, and/or Pitx2 (Q1), whether additional
factors also signal from the ocular surface ectoderm (Q2), what other targets lie immediately
downstream of RA signaling (Q3), and what other genes and classes of genes, in addition to
genes for transcription factors Dkk2, are a part of the required response to RA signaling with
in the neural crest (Q4). These questions are discussed in greater detail under “Perspectives”

in the main text.
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